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Introduction 
The application of adjustable speed drives has been continuously increasing during the last 30 

years, thanks to a greatly development of power electronic and controller unit.  Recently,  reliability 

has become another aspect that concerns electric drive.  A reliable drive need to be robust and 

insensible to external disturbs and, last but not least, works at different operative conditions that 

could be also in presence of faulty components.  A common practice adopted in the past, and in 

general for complex and expensive systems, allowed to improve the capability to work, under the 

presence of faulty components by adding redundant parts, which were turned on only when the 

main drive didn’t work.  The presence of a redundant drive increases considerably the total cost and 

also the required installation space, therefore a possible solution can be constituted by modification 

of the main drive structure, adding a reduced number of additional components and exploiting itself 

to work after one or more faults.  Although this alternative solution, during post fault operations, 

offers in some cases  functionality with reduced performance, often it is cheaper than the previous 

one and can be applied also for low cost and consumer applications.   

 

Research Contributions 

The principal contribution of this work has been the development of a fault tolerant (FT) topology 

for multi-drive systems (MDSs), reducing the cost and minimizing the number of additional 

components, that will operate only after a fault.  This topology, which can be realized where at least 

two or more drives are used in the same application to execute independent operations, has 

intrinsically additional degrees of freedom, that can be exploited for post fault operations, after a 

simple reconfiguration of the system.  Pros and cons have been highlighted during post fault 

operations considering that a unique solution capable to operate in the same range as in normal 

conditions or tolerate every kind of fault does not exist.   

Performance and losses have been evaluated with simulations and experimental tests with MDSs 

composed by three phase rotating and stationary machines. 

A fault tolerant multi drive topology realized with a PMSM and a transformer has been investigated 

emulating a wind power system.   

Although fault tolerant multi drive systems (FT-MDSs) have been realized with different electrical 

machines they work exploiting a common aspect based on the realization of a closed path for the 

current outgoing from the faulty drives, that flow on the healthy drives.  A contribution has been 

given by studying a FT-MDS with more than two drives where this current can be split in different 

ways using suitable control structures. 
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Last contribution of this activity has been focused on a single drive which can compose a FT-MDS, 

but, in this case the fault tolerance has not been related on fault of the power converter or of the 

electrical machine but of low cost sensors used to provide the rotor position information.  In case of 

fault of these sensors the correct rotor positions has been estimated with suitable algorithms.   

 

Summary of Chapters 

Chapter 1: a general discussion and a review of the state of the art is presented regarding different 

types of MDS structures.  In addition, some fault tolerant power converter topologies are reviewed 

and different control structures are also commented for drives able to work during a fault.   

Chapter 2: the proposed FT-MDS topology is presented, its functionality has been studied and 

proved with simulations and experimental tests.  At the beginning a MDS with three IM drives 

independently controlled, has been analyzed and after also a MDS with two IM drives mechanically 

coupled has been tested. 

Chapter 3: the FT-MDS topology presented in Chapter 2 has been exploited for a Wind Power 

System equipped with a three phase PMSM and a three phase transformer.  In this case, the system 

performance and its capability to deliver energy to the grid have been evaluated in case of fault on 

the PMSM and on the transformer drive. 

Chapter 4: this chapter investigates principally the zero sequence current that flows from the faulty 

drives to the healthy ones of a FT-MDS during post fault operations consequently to the system 

reconfiguration proposed in Chapter 2.  In particular three different sharing strategies have been 

presented, evaluating their effectiveness with simulation and experimental tests.  

Chapter 5: fault tolerant improvement has been presented for drive with rotor position information 

provided by low resolution sensors.  Typically, three hall effect sensors can be employed for this 

type of application and in case of fault the rotor position is completely incorrect.  Thanks to a 

suitable software compensation the rotor position can be correctly estimated also when one or two 

hall effect position sensors are faulty.   

Chapter 6: Conclusions and recommended future works are summarized. 
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Chapter 1 State - of - the – Art: Review 
 In this chapter a review of multi-drive systems is presented.  A comparison of different 

topologies has been made highlighting their pros and cons.  Moreover, a review of some fault 

tolerant drive topologies is also presented, most of them are proposed for three-phase machines and 

converters but their structures can be easily adopted for multi-drive and multiphase systems. 

Finally, different fault tolerant control techniques able to ensure high dynamic performance also 

under a fault condition are described as well. 

 

1.1  Multi-drive systems 

 In many applications there are loads that have to be controlled independently but also in a 

coordinated way like industrial robots, production lines or in automotive applications.  In general, 

the higher the number of degrees of freedom the higher is the number of required drives.  A 

common object during the plant of a system is to reduce the cost keeping the maximum 

performance. Depending on the type of the systems or of the process there is not a unique solution 

but it is possible to assemble more drives defining a Multi-Drive System (MDS).  The literature 

offers different type of configurations that will be reported in the following notes, that have many 

common aspects such as:  

 Reduced number of components, (cost reduction) 

 Independent controls 

 Fault tolerance  

 Recently an area where the presence of electric drives has grown greatly is represented by 

Electric Vehicles (EV) or Hybrid Electric Vehicles (HEV) where high torque and power density, 

wide operative range with heavy torque at low speed and high power at high speed, high efficiency 

and reliability are required; different drives configuration have been developed including also multi 

machines drive systems [1].   

In most cases two electric machines (EMs) systems are realized for HEV and different integration 

with the internal combustion engine (ICE) as proposed in Figure 1.1 and Figure 1.2; in the first one 

a planetary gear is employed, allowing multiple operative modes such as: series HEVs, parallel 

HEVs, series-parallel HEVs, battery-powered EVs, ICE vehicles, battery charging; in the second 

one the planetary gear is substituted by an automatic mechanical transmission (AMT) and two 

standard parallel axis gear trains, in this configuration the EM1 is smaller than EM2 and it can be 

attached to the input shaft of the AMT realizing an integrated starter-generator (ISG).   
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Figure 1.1 Series-parallel HEV by using a planetary gear 

unit. 

 
Figure 1.2 Two machines HEV by using AMT and parallel 

axis gear trains. 

 

Figure 1.3 shows three different types of “Wheel drive systems”; in these cases the power electronic 

configurations is almost the same, while the connection between the electric machines and the 

wheel can be direct, as shown in picture a) for an HEV and b) for EV, or with a speed reducer as 

shown in c).  For direct drive systems, where the EM is inside the wheel, high efficiency can be 

achieved, moreover compact vehicle design and space optimization can be realized.  In any case, 

the EM should be able to operate in a wide range of torque and speed, providing high torque 

especially for starting time and high power for high speed but a physical constraint is imposed by 

the wheel size. To overcome this issue a speed reducer is adopted as shown in Figure 1.3 c) in this 

case the EM has a high rated speed (4000rpm÷20000rpm) and the reducer, positioned between the 

wheel and EM, reducing the speed can provide high torque at low speed.   

 
a) Split-parallel HEV with in-wheel motors 

 
b) Direct wheel drive EV 

 

 
c) Wheel drive EV with reducer 

Figure 1.3 Wheel drive systems for HEV and EV. 
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 For heavy vehicles, such as buses or SUVs, the topology adopted is shown in Figure 1.4; due to 

the high power density required, PMSM are employed, hence two or multiple motors are mounted 

together to assure high power.  The motors sizing can be differentiate hence one motor can be 

designed for working in high speed region while the other one in high torque region.  The flexibility 

of these systems has some drawbacks such as high cost, large volume and weight. 

G
ea

rb
ox

 
a) Centralized multi-motor drive systems 

 
b) Distributed multi-motor drive systems 

Figure 1.4 Multi Drive System configuration for heavy EV. 

A common aspect shown in the pictures above is given by the presence of more electric drives 

supplied with a single battery, a simple and useful definition of a system where two or more drives 

are supplied by a common DC bus, defining a MDS is suggested in [3]-[7] and it is not limited for 

EV applications as illustrated in Figure 1.5 where “n” three leg converters feed three phase ac-

machines and a common DC bus is obtained rectifying the alternate voltage of the secondary side of 

a transformer.  

 
Figure 1.5 Standard three phase MDS topology. 

The paper [3] presents a generic MDS structure focusing the attention on the common mode current 

[2] elimination suggesting a modified configuration with a RLC filters and controlling the drives 

with a properly space vector modulation. 
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Figure 1.6 Common mode current path in the proposed MDS configuration. 

 

1.1.1 MDS with multiphase machines 

 Multiphase drives, in which the number of power converter legs and machine phases is higher 

than 3 [8-[12], are an effective alternative to standard three phase drives and many applications such 

as: aircraft, naval propulsion and electric vehicles, can potentially adopt this solution. This kind of 

system can offer different benefits, some of the most important are: reduction of the power density 

per leg/phase, joule losses reduction, improving of the electromagnetic torque production via high 

frequency harmonics injection, independent control of torque and flux through only two current 

components independently of the number of phases, a more sinusoidal distribution of the mmf, 

additional degrees of freedom can be exploited in case of fault of one or more legs/phases to ensure 

a partial drive functionality [39], [41], [42], [43], [44]. 

The additional degrees of freedom provided by a higher number of motor phases are exploited in [4] 

to perform a series connection of more machines supplied by a single VSI, essentially exploiting 

these properties it is possible to apply a voltage set able to contemporarily impose torques and 

fluxes to all the motors supplied by the same power converter, exploiting a phase transposition 

connection that is based on the decoupling transformation matrix “C” indicated in Table 1.3  

Defining with  = 2/n the spatial displacement between two consecutive windings, the phase 

transposition is a function of , while the number of the machines that can be series connected 

depends on the phase number “n”.  If the number of phases is even or odd different configurations 

can be defined, for even case, according to the phase transposition and to the number “n” not all the 

machines series connected will have the same number of phases, e.g. if a machine has n=6, only 

another machine can be connected in series and it will have only three phases.  A summary table, 
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Table 1.1, is reported to define the number of connectable machines while for each case a 

connectivity matrix is defined for the correct phase transposition; an example of connectivity matrix 

for 6-phase drive is reported in Table 1.3 and Figure 1.7 shows the electrical connections. 

 
Table 1.1: Number of connectable machines and their phase order for an even system phase number. 

n= an even number, ≥6 

 Number of connectable 

machines  

Number of phases of machines 

n/2= prime 

number 

 k=(n-2)/2 k/2 are n-phase and k/2 are n/2-

phase 

n/2≠ prime 

number 
n=2m ; m= 3,4,5 k=(n-2)/2 n, n/2, n/22, n/2m-2 

 All the other even 

numbers 

k<(n-2)/2 n, n/2, n/3, n/4…as appropriate 

 
Table 1.2 Decoupling transformation matrix. 
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Table 1.3: Connectivity matrix for 6-phase drive system. 

 A B C D E F 

M1 1 2 3 4 5 6 

M2 1 3 5 1 3 5 
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Figure 1.7:Connection diagram for 6-phases 2-motor system. 

To sum up for this configuration the principles advantages are defined by: 

 reduction of the required number of inverter legs, when compared to an equivalent 3-phase 

drive (the best reduction is obtained with odd phase number [13]); 

 adopting the decoupled model obtained with the application of the matrix C on the machine 

equations it is possible to connect any type of AC machine in the same MDS; 

 an even phases number allows to connect in the same MDS, machine with at least two 

different phase numbers as presented in Figure 1.7,  with respect to an odd phase number.   

The main drawbacks of the series connection are:  

 open-end stator winding machine is required; 

 increase of stator winding and stator iron losses; 

 reduction of the total efficiency of the drive system when compared to an equivalent 3-phase 

system, the efficiency reduction is smaller in an even phase system with respect to an odd 

one; 

 torque density cannot be increased injecting higher stator current harmonics;  

 fault tolerance properties is completely lost; 

The same authors present in [14] a MDS with multi-phase machines parallel connected, re-adapting 

the theory presented for the series connection based on the equivalence of series and parallel 

circuits. 
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Figure 1.8: Two-motor five-phase drive system, supplied from a single VSI, with stator windings connected in parallel. 

Also in this case, with the appropriate phase transposition the independent control of the two 

machines is achieved as already demonstrated for the series connected MDS, but this solution is not 

feasible due to a large and uncontrollable x-y current components that flow in each machine. 

 

1.1.2 MDS with reduced components 

 Other types of MDS are developed with the principle aim to reduce the number of components 

employed on the drive.  The authors of [15] have proposed a dual AC-drive system with reduced 

switch count; as shown in Figure 1.9, two four-switch inverters connected back to back sharing a 

single split dc-link capacitor are used to feed a two induction motors that operate at the same 

fundamental frequency (best work condition) with a similar current level.  As described by the 

authors, for this configuration two line currents are regulated and are 90° shifted, while the neutral 

connection carries a current that is 2 larger than the line current.  In this way a single-phase ac 

current flow through the capacitors producing a voltage ripple that has to be minimized, hence by 

connecting a second two-phase drive at the same dc bus, it is possible to compensate this single-

phase current in the capacitors adjusting the relative phase angle of the currents in the two inverters.  

A total elimination of this current is achieved with a phase shift of 180° of the line currents in each 

inverter.  This condition allows a reduction in the size of the dc-link capacitors.  Experimental 

results for a traction vehicle application are carried out considering also that the speed of each 

machine can be different and with the appropriate field orientated control the single-phase current in 

the capacitors is eliminated, to do so the slip frequency of each machine is different.  

A comparison of this system with a standard six-switch converter is also performed defining a 

“Switch Utilization Ratio” (SUR), that provides the same value 0.16.  Considering that a three-
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phase machine has a higher torque density than a two-phase, some constraints should be considered 

during a prototype construction.   

SUR=
2V04I04
qVTIT

 

V04 and I04 are the rms inverter rated fundamental output voltage and current at fundamental 

frequency for a four-switch inverter while VT and IT are the peak voltage and current ratings of a 

switch and q is the total number of switches.  

At the end the authors make a suggestion for a MDS for industrial application composed of four 

two-phase drives shown in Figure 1.10, where multi-machines are required to work at the same 

electric frequency and different speeds to control a process.  With this configuration only 16 

switches are required instead of 24 of a standard converter.   

A significant component reduction will affect the cost of the system but also in this case a fault on a 

drive will cause its total work interruption, as before mentioned the torque density is lower than a 

three phase machine and also in the case of a dual drive, unavoidable unbalance will produce the 

single-phase current on the capacitor that cannot be eliminated.   
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Figure 1.9 Reduced-switch-count ac dual drive.  
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Figure 1.10 Multi-motor drive configuration. 
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 A different MDS topology including three phase and two-phase motors is reported in [16] and 

[17]. In this case a five leg inverter is applied to feed a three-phase traction PM machine and a two-

phase compressor PM machine, Figure 1.11 a).  In this configuration both motors are connected 

through their neutral points, hence the sum of ia and ib of the two-phase machine flows through the 

three-phase machine and the relative three inverter legs.  In this way, it is possible to avoid the 

utilization of the split capacitors of the dc-link, and also no constraints are imposed on the electrical 

speed of the two drives.   

 
a) 

 
b) 

Figure 1.11 Equivalent circuits: a) inverter phase legs as voltage sources and b) ZSC of the main motor as the current 

return path of the two-phase motor. 

Moreover, the single-phase current produced by the two-phase machine will not affect the 

fundamental flux and torque of the three-phase machine, because it involves only its zero sequence 
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circuit (ZSC) defined by its stator resistance and leakage inductance, Figure 1.11 b).  Since the 

stator windings of the three-phase machine are utilized as a feedback path for the current of the two-

phase machine, the stator current rating should be increased to avoid current overload of the three-

phase drive, but because the application field of the two drives is different, the rating of the PM 

machine for traction is considerably greater with respect to the PM machine for the compressor 

hence the overload is negligible.   

In [18] the authors exploit the system configuration presented in Figure 1.11 a) for automotive 

application, to feed two three-phase machines due to the market diffusion of three-phase machines 

instead of two-phase ones.  The system configuration reported on Figure 1.12, shows the main 

machine for traction that is fed by the main three-phase inverter and two phases B and C of the 

auxiliary machine for the compressor are fed by a two-leg auxiliary inverter while the phase A is 

connected to the neutral point of the main machine.  By means of suitable Rotor-Flux-Oriented-

Control (RFOC), the voltages of phases B and C are controlled in order to ensure a balanced three-

phase current set to the auxiliary machine.  Also in this case the main machine is used as a feedback 

current path for the auxiliary machine and the current on the neutral wire is seen as a zero sequence 

current from the main machine and it does not affect its main flux and torque because it involves 

only its ZSC.  With respect to the configuration of Figure 1.13, similar control performances are 

achieved. In addition to the extra copper and iron losses in the main machine caused by the neutral 

current, another two drawbacks are mentioned, regarding the maximum output voltage of the 

auxiliary inverter that is at least half of that generated by a three-leg inverter, as shown on Figure 

1.13, due to almost fixed voltage of phase A and the common mode voltage that is now generated 

by the switching of the main inverter (1.1.1) summed to a component caused by the zero sequence 

current coming from the auxiliary machine, related to 1/3 of the stator resistance and the leakage 

inductance of the ZSC (1.1.2). 

vcomM = 
vu + vv + vw

3  (1.1.1) 

vcomM2 = 
rs
3  iA + 

Ll
3  

diA
dt  (1.1.2) 
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Figure 1.12 Integrated dual ac drive for controlling two three-phase PM motors. 
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Figure 1.13 Amplitude of the maximum output voltage vectors and the maximum voltage circle obtainable with 

configuration of proposed in [18] (left), the maximum output voltage circle generated by a three-leg inverter (right). 

A comparison between the five leg inverter topology and a nine switch inverter for independent 

control of two three phase machines is presented in [19]. 

Figure 1.14 shows the nine switch three-phase inverter for independent control of two ac machines 

[20]; with respect to a standard solution where two, two levels three-leg inverters can be employed, 

three switches are saved, and compared to a five – leg inverter, one switch is saved. Basically, with 

the proposed topology the switches in the middle, namely with MA, MB and MC are shared with 

the upper devices UA, UB and UC composing the Inverter 1 and with the lower devices LA, LB 

and LC, composing the Inverter 2.  PWM and SVM techniques are adopted for minimizing the 

losses in a sample period.  The main drawback of this topology is the DC link utilization that is 

equal to 50% compared to a standard three-phase inverter, thus it is necessary to have a DC-bus 

voltage double.  
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Figure 1.14 Nine switch- three-phase inverter block diagram. 

 Figure 1.15 shows a MDS topology presented in [5], where “n” three-phase machines are 

supplied by a N=(2n+1)-leg inverter.  Phases a and b of each machine are independently supplied 

from two inverter legs while phase c of each machine is connected to a common inverter leg, in this 

way 2(n-1) switches are saved.  A suitable PWM strategy is developed and independent control of 

each drive is performed.  Although also in this configuration there is not any kind of problem with 

the dc-link capacitor bank, the structure suffers a very limited dc-bus voltage utilization depending 

on the modulation index of each drive; moreover, the rated power of the n-leg has to be selected 

considering that it is affected by the sum of all phase c currents of the n machines.   

 
Figure 1.15 Configuration of the multi-machine drive system comprising n three-phase machines supplied from a 

(2n+1)-leg inverter. 

 Other MDS topologies are composed of two-machines mechanically coupled, as presented in [6], 

[21] and [22], this configuration is adopted when the torque load is too high for a single electric 

machine that cannot have the appropriate rated torque. Hence, a second machine is coupled.  The 

rated power of the two machines can be equal or different, depending on the speed range and the 

torque demand of the drive. This topology allows improvement in the efficiency with respect to a 
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system with a single machine that does not operate always at the rated power. The reliability is 

increased: in case of a fault, if one machine is out of service the other can continue the operation.   

Figure 1.16, shows a MDS with brushless DC machine coupled to the same shaft through a 

mechanical clutch for submarine applications [22].  The rated power of the two machines is 

respectively two thirds and one third, therefore the operation region of the MDS is divided into 

three sub-regions. Depending on the torque demand of the propeller, the smaller machine for low 

loads will operate to improve the total efficiency; if the power demanded is higher than the rated 

power of the smaller machine and lower than the bigger machine, only the last one will operate and 

the smaller machine will be disconnected by the clutch; both motors will operate together for larger 

loads.  The torque contribution provided by each drive, in the last operative region, is defined by 

two coefficient K1 and K2,calculated taking into account the rated torque of each machine. 

 
Figure 1.16 Coupled motors configuration for submarine application. 

 

1.1.3 Fault tolerant drive systems and converter topologies 

 A Fault Tolerant (FT) drive is a system able to work after one or more component failures.  

Many types of faults can appear on a drive as it is composed of many components. Typical faults 

have been indicated in [23], [28]: 

 dc-link capacitor bank; 

 Power converter: the most common are open circuit or short circuit of a power device [24]; 

 Motor: the most common are open circuit or short circuit in stator windings [25] [26], but it 

is possible to have a fault also on mechanical parts such as in ball bearings [27]; 

 Sensors: there are many type of sensors in a drive, the most common are: current sensors, 

voltage sensors and position sensor; whenever a sensor is faulted, it provides a wrong 

feedback signal causing system instability and thus loss of control [23].   
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The principal actions that can be taken when a fault occurs is the identification and isolation of the 

faulted component. Hence, depending on the gravity and on the fault condition, the drive has to re-

configure itself in order to work also in this new condition without any service interruption.   

Many research activities are focused on fault identification methods [29], [30], [31], , fault tolerant 

power converter [33[34[35] and motors [32]; all these solutions are devoted to improve the 

reliability of the drive. Some of them require  suitable control techniques to achieve a true fault 

tolerant drive.   

In this section different fault tolerant drive topologies are reviewed; single solution does not exist 

but depends on the application, and one solution can be better than another one.  

In general the smaller the number of components the lower is the fault probability, but a fault event 

could have “catastrophic” effects.   

The topology structures presented in Figure 1.7, Figure 1.9, Figure 1.11, Figure 1.12, Figure 1.14, 

Figure 1.15 are not fault tolerant; thus, in case of fault of a drive, the last has to be stopped.  One 

form of fault tolerant MDS, known as “Redundant topology” can be seen in Figure 1.16, in this 

case the reliability of the system is increased because two drives supply a common load hence if 

one drive is forced to stop its operation, the other one is able to partially feed the load demand.   

The block diagram shown in Figure 1.17, [21], represents another drive, belonging to the category 

of Redundant topology. Fault tolerant level is higher than the structures of Figure 1.16 because each 

drive has its own DC-link.  

 
Figure 1.17 block diagram of the dual fault- tolerant motor drive. 

In the following different power converter topologies are reviewed to isolate a faulted drive 

element.  The topology presented in [33] contains few fuses and triacs as shown on Figure 1.18, that 

are able to isolate an inverter leg when one inverter’s switch fails in a short-circuit.  In this case one 

of the motor phases is always connected to the positive or to the negative side of the dc-link, 

causing a control instability.  To isolate the faulted leg a coordinate control of the system is 

necessary, hence after the short-circuited device identification the other switch in the same leg is 
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opened and the appropriate triac indicated with TRa, TRb or TRc is turned on; in this way a short 

circuit with the dc-link capacitors is realized and the energy stored in them is used to burn the fuse 

and isolate the faulted leg. At the end of this process the drive will continue to work using the two-

phase control [38], discussed in the next paragraph, and the neutral point of the stator windings is 

connected to the middle point of dc-link capacitors with the activation of TR.  An important issue is 

related to the fuse selection that is made considering the time integral of current squared i2dt, that 

can be approximated to I2t; to be sure that the fuse is burned from the energy stored in the 

capacitors, its I2t has to be lower than the I2t of the triac. 

 
Figure 1.18 Topology for isolating a short circuited inverter switch. 

The topology presented in [35] and shown in Figure 1.19 was first presented in [34] for a PMSM 

drive; it is able to isolate all types of faults.  The power converter is made by four-leg and other 

components are added to realize the isolation of the faulty part, such as: two fuses and two SCRs for 

each leg and two capacitors.  When a fault is detected a control signal is sent to the appropriate 

SCRs and they are turned on, this generates a short circuit through the dc-link and capacitor Ci, the 

SCR and fuse.  The additional capacitors Ci have to have a suitable size to ensure a high enough 

current, capable of burning the fuse.  In addition a dc-link short circuit, caused by a fault on the dc-

link capacitors does not involve the SCRs and the IGBTs in the phase.  The post-fault control 

strategy, in terms of currents is that one proposed in [38], but, as the neutral point of the stator 

windings is connected to a fourth leg, the problem of voltage perturbation at the dc-link capacitors 

does not occur; moreover, to increase the dc-link utilization, the neutral voltage can be controlled.   
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Figure 1.19 Double switch redundant topology.  

The topology presented in Figure 1.20, [35], is derived from the previous structure shown in, Figure 

1.19.  In this case, the fourth leg is activated to the relative phase through the triac TRa, TRb and 

TRc, after having isolated the faulty leg.  This configuration can maintain the rated power in the 

post-fault operating mode, but the control signals for this spare leg have to be selected properly in 

accordance with the faulty leg.  

 
Figure 1.20 Phase redundant topology. 

The fault tolerant cascaded inverter topology [35] is shown in Figure 1.21.  In this case, each phase 

is supplied by a single-phase inverter (H-bridge), thus the number of components is double with 

respect to a standard three-phase configuration.  Therefore, higher power losses during normal 

operation are observed in this topology.  The configuration proposed with the additional TRIACs 

allows it to be fault tolerant to single switch short-circuits, single switch open-circuit and phase-leg 

open circuits.  Also in this case for the post-fault operation a suitable two-phase current control can 

be applied [38].   
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Figure 1.21 Cascaded inverter topology with additional triacs for fault isolation.  

The authors of [36] have presented a fault tolerant three-phase drive, shown in Figure 1.22, with a 

four leg inverter with the same functionality discussed for the topology shown with Figure 1.20.  

With respect to the topology discussed in Figure 1.20, this structure does not use additional fuses 

but only thyristors to isolate the faulted leg.  The type of faults that can be managed are: single-

switch open circuit; phase-leg open circuit; single switch short-circuit while simultaneous faults in 

two switches cannot be handled.   

In the case of an open- circuit fault, after its detection and identification the gate signals of the 

faulty leg and the isolating thyristor: ISa, ISb or ISc are blocked (turned-off), hence the gate signals 

of the faulty leg are transferred to the fourth leg and the corresponding thyristor: THa, THb or THc; 

is turned on.   

For a short circuit fault, the transient procedure is different; after having operated the detection and 

identification of the faulted device, the gate signals of all the other switches are turned-off.  Before 

turning on the thyristors THa, THb or THc, the zero crossing of the short-circuit current is detected, 

hence to accelerate this process the thyristors: ISa, ISb or ISc are turned-off and the machine phases 

are completely disconnected.  The last step, after the short-circuit current has reached zero, is to 

transfer the gate signals of the faulted leg to the redundant leg and at the same time the other 

thyristor: THa, THb or THc, are turned-on.  To be sure that the isolating thyristor ISa, ISb and ISc 

are completely turned-off, a delay time can be inserted before performing the last step. 

This topology reduces the number of additional components required to fault isolation, although it 

cannot tolerate the short circuit of an inverter leg.  In addition, the thyristor ISa, ISb and ISc are 

always in conduction but their power losses are small compared to other switches e.g. IGBTs.   
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Figure 1.22 Fault- tolerant VSI topology. 

Figure 1.23 a) shows a fault tolerant AC/AC drive system [37], composed of a controlled three-

phase rectifier connected to the grid and a three-phase inverter connected to an AC machine.  The 

fault tolerant operation is guaranteed by the triacs: TRa, TRb, TRc; in case of fault of one or both 

the devices of the inverter leg the corresponding triac will be turned on after the isolation of the 

faulty elements, joining the phase of the machine with the rectifier leg and vice versa.  Although the 

isolation method is not specified, Figure 1.23 b) shows the post fault configuration in case of a fault 

on the third leg of the inverter.   
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Figure 1.23 Fault tolerant converter configuration. 

The aforementioned paper proposes also a method for the fault detection and identification based on 

the analysis of the voltage error, obtained from the comparison of the pole voltage and the relative 

commanded voltage summarized in Table 1.4, a modified PWM and a vector modulation for the 

post-fault operation, taking into account that two voltages are equal because one leg is shared.   
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Table 1.4 Voltage error related to the lost power switches qsk. 

Fault 10 e20 30  

qs1 v10  0 0 

qs2  0 v20  0 

qs3  0 0 v30  

qs4  -v10  0 0 

qs5  0 -v20  0 

qs6  0 0 v30  



k0 = v*ko - v 'ko, represent the error due to the modulation technique adopted in post fault operation. 

v 'ko = vko ± vko 

vko is the deviation in the pole voltage due to a fault in the generic switch qsk, where the subscript 

“s” stands for “g” or “l”. 

The fault tolerant MDS, shown in Figure 1.24 and proposed in [7] represents a six leg inverter that 

feeds two three phase ac-machines.  In each phase of the machines there is, connected in series, a 

switch that in reality could be a triac as already seen in previous figures, hence in case of fault it 

will be turned-on to isolate the faulty leg and by means of another diagonal switch the open phase 

of a machine is connected to the corresponding leg of the other inverter.  This topology, during post 

fault operation, has already been proposed as a Reduced switch count topology, Figure 1.15, where 

the main aim is to require a minimum number of components.  During post-fault operation, as one 

inverter leg is shared by two phases, there is a reduced dc bus utilization; an improvement of the dc-

bus utilization is achieved by exploiting a finite control set (FCS) – model predictive control (MPC) 

and the results are compared with a standard FOC for induction machine.  

 
Figure 1.24 Reconfiguration of the electrical connections of the two-motor system through appropriate on/off switches 

after a fault in one inverter leg. 
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1.2 Control techniques and machine modeling for post-fault operations 

 After the previous discussion about some fault tolerant power converter topologies a deeper 

discussion will be made in this paragraph about the control structures to guarantee the independent 

control of torque and flux also during these unusual work conditions.   

 

 
Figure 1.25 Induction motor drive with machine neutral 

point connected to the dc bus midpoint. 

Figure 1.26 Five- phase current regulated PWM inverter 

drive. 

 

The block diagram reported on Figure 1.25, [38], depicts an improved topology and control 

strategies that allows continuous operation of a three phase drive also with the loss of one leg of the 

power converter or a motor phase.  The authors suggest to connect the neutral point of the stator 

windings, at the beginning, directly to the middle point of the dc-link capacitors.  During normal 

operation the standard PWM with FOC is implemented for a three-phase induction machine and the 

current flowing to the neutral wire is almost zero. When a fault occurs and one converter’s leg or 

one phase results open, a new control strategy has to be applied to achieve the correct field 

orientation, avoiding pulsating torque.  To achieve this control it is necessary to feed the two 

healthy phases with two independent current shifted by 60° electrical and with the amplitude 

increased by 3.  In this way the mmf is equal to that generated during normal operation, while in 

the neutral wire a current provided by the sum of the current of the two healthy phases will flow.   

Ias = Icos(t+) (1) 

Ibs = Icos(t+ - ) (2) 

Ics = Icos(t+ + ) (3) 

mmf = mmfa + mmfb + mmfc = NIas + aNIbs + a2NIcs (4) 

where a=1120° and N is the number of effective stator turns per phase. 

Substituting (1)-(3) into (4) and assuming F = NI and = (t + ) 

mmf = 
3
2 F ej = 

3
2 F (cos + jsin) (5) 

During a fault the controller has to apply the same magneto motive force mmf' = mmf.  
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mmf' = aNI 'bs + a2NI 'cs = - 
1
2N(I 'bs + I 'cs) + j 

3
2 N(I 'bs - I 'cs)   phase “a” fault (6) 

mmf' = NI 'as + a2NI 'cs = NI 'as + 






 - 
1
2 - j

3
2  NI 'cs                   phase “b” fault (7) 

mmf' = NI 'as + aNI 'bs = NI 'as + 






 - 
1
2 + j

3
2  NI 'bs                      phase “c” fault (8) 

Solving each case for the real and imaginary part separately: 

3
2 F cos = Re{mmf'} (9) 

3
2 F sin = Imm{mmf'} (10) 

It is possible to obtain the following results that are also graphically showed in Figure 1.27: 



I 'bs = 3 I cos(t+-5/6)

I 'cs = 3 I cos(t++5/6)
    phase “a” fault (11) 



I 'as = 3 I cos(t++/6)

I 'cs = 3 I cos(t++/2)
   phase “b” fault (12) 



I 'as = 3 I cos(t+-/6)

I 'bs = 3 I cos(t+-/2)
   phase “c” fault (13) 

 
a) 

Ias

Ibs

Ics
F

Re

jImm

q

d

Ics

Ias’

’

b) 
 

c) 
Figure 1.27 Phasor relationships before and after open-circuit of a) phase a, b) phase b, c) phase c. 

Naturally, this current will produce a voltage pulsation on the dc-link capacitors; to reduce this 

effect two damping resistors can be added in parallel to the capacitors and also their value can be 

chosen to reduce the voltage pulsation.  In addition this topology does not allow a full dc-link 

utilization because the neutral point has a potential fixed to Vdc/2, hence the authors suggest to 

connect the neutral point of the stator windings to the dc-link capacitors with a triac; it is turned off  
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for normal operation and a standard balanced three phase current set is used to generate the mmf 

instead it will be turned on only in case of fault adopting the modified current set.   

The authors of [39] have generalized the approach proposed in [38] for multiphase (n-phase > 3) 

machine, Figure 1.26; in this case exploiting the additional degrees of freedom of n-phase machine, 

with “n” even or odd, there is not a unique solution to define the mmf' during one or more faults 

equal to the mmf of normal operations.  Different constraints can be applied to achieve the better 

solution such as: loss minimization, equal current magnitude for each healthy phase or the 

elimination of the neutral connection.   

A different approach based on the qd0 transformation theory can be exploited and the model 

reported in the following section  is used to implement the FOC also in case of fault; in particular, 

the model for three-phase induction machine (IM) [40] and permanent magnet synchronous 

machine (PMSM) [45], will be analyzed since these electrical machines have been used for the 

study presented in the following chapters; similar modeling in case of fault for both n-phase IM and 

PMSM with n higher than 3, are also presented in literature [41], [42], [43], [44].   
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1.2.1 Modeling and control of an IM 

A. Analytical model in healthy conditions 

X
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Figure 1.28 Two pole, three phase symmetrical induction machine. 
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v
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v br
(t)

v
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Figure 1.29 Stator and rotor windings representation in phase coordinates. 

Figure 1.28 displays a 2-pole, 3-phase, symmetrical induction machine, with wye-connected and 

sinusoidally distributed  stator windings, composed of Ns equivalent turns, displaced by 120°.  The 

voltage and flux equations are reported below [46].  For the purpose also the rotor windings are 

considered sinusoidally distributed, displaced by 120° with Nr equivalent turns, Figure 1.29.   



vabcs = rs iabcs + p abcs

vabcr = rr iabcr + p abcr
 (1.2.1) 

All the bold letters represent a vector or a matrix, hence: vabcs and vabcr are the stator and rotor 

voltage vectors, while iabcs and iabcr are the stator and rotor currents, abcs and abcr are the 

stator and rotor fluxes.  “f” stands for voltage v, current, i, or flux , .  
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(fabcs)T = [ ]fas fbs fcs  (1.2.2) 

(fabcr)T = [ ]far fbr fcr  (1.2.3) 

 

The flux linkage can be expressed in a matrix form as indicated in (1.2.4): 









abcs

abcr
 = 








Ls Lsr

(Lsr)T Lr
 






iabcs

iabcr
 (1.2.4) 

rs = Rs 






1 0 0

0 1 0

0 0 1
 rr = Rr 







1 0 0

0 1 0

0 0 1
 

 

 

Ls = 









Lls + Lms - 

1
2 Lms - 

1
2 Lms

- 
1
2 Lms Lls + Lms - 

1
2 Lms

- 
1
2 Lms - 

1
2 Lms Lls + Lms

  

Lr = 









Llr + Lmr - 

1
2 Lmr - 

1
2 Lmr

- 
1
2 Lmr Llr + Lmr - 

1
2 Lmr

- 
1
2 Lmr - 

1
2 Lmr Llr + Lmr

  

Lsr = Lsr 









cos(r) cos(r + 

2
3 ) cos(r - 

2
3 )

cos(r - 
2
3 ) cos(r) cos(r + 

2
3 )

cos(r + 
2
3 ) cos(r - 

2
3 ) cos(r)

  

where Rs, Rr are the stator and rotor winding resistance, Lls, Llr are the leakage inductances, 

Lms, Lmr are the magnetizing inductances, Lsr is the mutual inductance between stator and rotor, 

r is the electrical rotor position. 

For the sake of simplicity, as common practice, all the rotor variable are referred to the stator, 

introducing the following fictitious quantities: 

i 'abcr = 
Nr
Ns

 iabcr  
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v 'abcr = 
Ns
Nr

 vabcr  

 'abcr = 
Ns
Nr

 abcr  

Introducing the previous quantities in voltage and flux equations, it is possible to define: 

Lms = 
Ns
Nr

Lsr  

Lmr = 






Ns

Nr

2
Lms  

r 'r = 






Ns

Nr

2
rr  

L 'sr = 
Ns
Nr

Lsr  

L 'r = 






Ns

Nr

2
Lr  

L'lr = 






Ns

Nr

2
Llr  

These relations are reasonable as the magnetizing inductance and the mutual inductance are 

associated to the same magnetic flux path.  This allows to define the so called “T” equivalent circuit 

and the previous equations can be rewritten as follow: 



vabcs = rs iabcs + p abcs

v 'abcr = r 'r i 'abcr + p  'abcr
 (1.2.5) 









abcs

 'abcr
 = 








Ls L 'sr

(L 'sr)T L 'r
 








iabcs

i 'abcr
 (1.2.6) 

r 'r = R'r 






1 0 0

0 1 0

0 0 1
  

L 'sr = 
Ns
Nr

Lsr = Lms 









cos(r) cos(r + 

2
3 ) cos(r - 

2
3 )

cos(r - 
2
3 ) cos(r) cos(r + 

2
3 )

cos(r + 
2
3 ) cos(r - 

2
3 ) cos(r)
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L 'r = 









L'lr + Lms - 

1
2 Lms - 

1
2 Lms

- 
1
2 Lms L'lr + Lms - 

1
2 Lms

- 
1
2 Lms - 

1
2 Lms L'lr + Lms

  

The electrical model, in machine variables, is completed adding the electromagnetic torque 

expression.  The electromagnetic torque is related to the energy stored in the coupling field and 

assuming a linear behavior of the magnetic circuit the field energy Wf  is equal to the coenergy Wc. 

Te(ij,r) = 



P

2  
∂Wc(ij,r)

∂r
 = 



P

2 (iabcs)T 
∂

∂r
[L 'sr] i 'abcr (1.2.7) 

Te = - 



P

2  Lms 





 ias



i 'ar - 

1
2 i 'br - 

1
2 i 'cr  + ibs



i 'br - 

1
2 i 'ar - 

1
2 i 'cr +  

+ 
ics



i 'cr - 

1
2 i 'br - 

1
2 i 'ar sinr + 

3
2 [ ias( )i 'br - i 'cr  + ibs( )i 'cr - i 'ar +  



]ics( )i 'ar - i 'br cosr  

(1.2.8) 

 

B. Analytical model under faulty conditions 

 By assuming a fault condition in the drive that can be isolated and yielding the system to operate 

with one stator phase not supplied, in the previous model a stator current is constantly equal to zero 

and the model in machine variable can be defined deleting one raw and one column [40] of the 

matrices previously defined for the healthy model.  Considering the equations with the rotor 

variables referred to the stator the generalized expression are defined as follow: 



 vijs = rsf iijs + p ijs

v 'abcr = r 'r i 'abcr + p  'abcr
 (1.2.9) 









ijs

 'abcr
 = 








Lsf L 'sfr

(L 'sfr)T L 'r
 








iijs

i 'abcr
 (1.2.10) 

The subscript index i and j: 

(i, j) =


 b,c fault stator phase a

a,c fault stator phase b

a,b fault stator phase c
 (1.2.11) 

It is assumed that the rotor is healthy and the matrices r 'r and L 'r are not modified, while rsf, Lsf, 

L 'sr become: 
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rsf = Rs 






1 0

0 1
  

Lsf = 





Lls + Lms - 

1
2 Lms

- 
1
2 Lms Lls + Lms

  

L 'sfr = Lms 






cos() cos() cos()

cos() cos() cos()
  

 

()

()
= 









 r - 

2
3 , r, r + 

2
3

r + 
2
3 , r - 

2
3 , r

 fault stator phase a

r, r + 
2
3 , r - 

2
3

r + 
2
3 , r - 

2
3 , r

 fault stator phase b

r, r + 
2
3 , r - 

2
3

r - 
2
3 , r, r + 

2
3

 fault stator phase c

  

The electromagnetic torque can be expressed using the same definition of the coenergy, assuming 

the linear behavior of the magnetic circuit: 

Te(ij,r) = 



P

2  
∂Wc(ij,r)

∂r
 = 



P

2 (iijs)T 
∂

∂r
[L 'sfr] i 'abcr (1.2.12) 

Obtaining: 

For stator phase a fault 

Te = - 



P

2  Lms 








ibs



i 'br - 

1
2 i 'ar - 

1
2 i 'cr  + ics 



i 'cr - 

1
2 i 'br - 

1
2 i 'ar sinr + 

+ 


3

2 [ ]ibs( )i 'cr - i 'ar  + ics( )i 'ar - i 'br cosr  
(1.2.13) 

For stator phase b fault 

Te = - 



P

2  Lms 








ias



i 'ar - 

1
2 i 'br - 

1
2 i 'cr  + ics 



i 'cr - 

1
2 i 'br - 

1
2 i 'ar sinr +  

+ 


3

2 [ ]ias( )i 'br - i 'cr  + ics( )i 'ar - i 'br cosr  
(1.2.14) 

For stator phase c fault 



30 
 

Te = - 



P

2  Lms 








ias



i 'ar - 

1
2 i 'br - 

1
2 i 'cr  + ibs



i 'br - 

1
2 i 'ar - 

1
2 i 'cr sinr +  





+ 
3

2 [ ]ias( )i 'br - i 'cr  + ibs( )i 'cr - i 'ar cosr  
(1.2.15) 

 

C. Equations in qd0 variables for healthy conditions 

 It is quite useful adopt the “Reference-frame theory” to develop a model in qd0 variables 

referring all stator and rotor machine variables in an arbitrary reference frame [46], [47].  For the 

induction machine, because of the isotropy structure, the machines variables can be referred to a 

qd0 stationary frame, as well as to a rotating reference frame that can be synchronous with the rotor 

or with the air-gap mmf or more in general rotating at the angular speed . 

Defining the transformation matrix Kx and fqd = fq-jfd; “f” can represent: voltages, currents and 

fluxes. 

fqd0x = Kx fabcx (1.2.16) 

fabcx = K
-1
x  fqd0x (1.2.17) 

(fqd0x)T = [ ]fqx fdx f0x   

(fabcx)T = [ ]fax fbx fcx   

Kx = 
2
3 









cosx cos



x - 

2
3 cos



x + 

2
3

sinx sin



x - 

2
3 sin



x + 

2
3

1
2

1
2

1
2

 

(1.2.18) 

K
-1
x  = 









cosx sinx 1

cos



x - 

2
3 sin



x - 

2
3 1

cos



x + 

2
3 sin



x + 

2
3 1

 

(1.2.19) 

x =  - x 

 =  + 
0

t
(t)dt        x = x + 

0

t
x(t)dt 

 

(1.2.20) 
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and are the angle and the angular velocity of the qd0 frame

xand xare the angle and the angular velocity of the “abcx” variable, x will be “s” or “r” if stator 

or rotor variables are considered.   

 
Figure 1.30 Projection of the phase coordinate quantities on the qd0 reference frame. 

For a better specification of the transformation matrix also an upper script can be used to specify the 

qd0 reference frame; hence, in case of transformation of stator variables in a qd0 stationary frame, 

assuming zero all the initial positions, the transformation matrix Kx becomes K
s
s and the angle will 

be: s =  - s = 0 - 0=0. 

Instead for a transformation of rotor variables in a qd0 stationary frame, the transformation matrix 

Kx becomes K
s
r, also in this case the initial positions are set to 0 and the transformation angle is: 

r =  - r = 0 - r= - r.   

Exploiting these relations, the model in machine variables introduced previously can be transformed 

using the qd0 variables in an arbitrary reference frame. 

The equations in machine variables are here reported: 



vabcs = rs iabcs + p abcs

v 'abcr = r 'r i 'abcr + p  'abcr
  









abcs

 'abcr
 = 








Ls L 'sr

(L 'sr)T L 'r
 








iabcs

i 'abcr
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Ks = 
2
3 









cos cos



 - 

2
3 cos



 + 

2
3

sin sin



 - 

2
3 sin



 + 

2
3

1
2

1
2

1
2

 (1.2.21) 

(Ks)
-1

 = 









cos sin 1

cos



 - 

2
3 sin



 - 

2
3 1

cos



 + 

2
3  sin



 + 

2
3 1

 (1.2.22) 

Kr = 
2
3 









cos( - r) cos



 - r - 

2
3 cos



 - r + 

2
3

sin( - r) sin



 - r - 

2
3 sin



 - r + 

2
3

1
2

1
2

1
2

 (1.2.23) 

(Kr)
-1

 = 









cos( - r) sin( - r) 1

cos



 - r - 

2
3 sin



 - r - 

2
3 1

cos



 - r + 

2
3  sin



 - r + 

2
3 1

 (1.2.24) 

Substituting (1.2.21)-(1.2.24) can be obtained (1.2.25) and (1.2.26). 



vqd0s = Ks rs (Ks)

-1
iqd0s + Ks p 



(Ks)

-1
qd0s

v 'qd0r = Kr r 'r (Kr)
-1

i‘qd0r + Kr p 



(Kr)

-1
‘qd0r

 (1.2.25) 









qd0s

‘qd0r
 = 






KsLs(Ks)

-1
KsL 'sr (Kr)

-1

Kr (L 'sr)T (Ks)
-1

Kr L 'r (Kr)
-1

 








iqd0s

i‘qd0r
 (1.2.26) 

Equations (1.2.25) and (1.2.26) are below verified:  

Ksrs(Ks)
-1

 = Rs 






1 0 0

0 1 0

0 0 1
 = rs  

Ks p 



(Ks)

-1
qd0s  = Ks(Ks)

-1
pqd0s + Ks p[(Ks)

-1
]qd0s = pqd0s +   
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+ 






0  0

-  0 0

0 0 0
qd0s 

Krr 'r(Kr)
-1

 = R'r 






1 0 0

0 1 0

0 0 1
 = r 'r  

Kr p 



(Kr)

-1
 'qd0r  = Kr (Kr)

-1
 p 'qd0r + Krp[(Kr)

-1
]  'qd0r = p 'qd0r +  

+ 







0 ( - r) 0

-( - r) 0 0

0 0 0

 'qd0r 
 

KsLs(Ks)
-1

 = 









Lls+LM 0 0

0 Lls+LM 0

0 0 Lls

  

KsL 'sr (Kr)
-1

 = Kr (L 'sr)T (Ks)
-1

 = 







LM 0 0

0 LM 0

0 0 0

  

Kr L 'r (Kr)
-1

 = 









L'lr+LM 0 0

0 L'lr+LM 0

0 0 L'lr

  

LM = 
3
2Lms  

The final qd0 model equations, in the arbitrary frame, are reported below in scalar form; it can be 

noted that the rotor voltages can be set to 0 because the rotor circuit is in general short circuited: 







vqs = Rs iqs + p qs +  ds

vds = Rs ids + p ds -  qs

v0s = Rs i0s + p 0s

v 'qr = R'r i 'qr + p  'qr + ( - r)  'dr

v 'dr = R'r i 'dr + p 'sdr - ( - r)  'qr

v '0r = R'r i '0r + p  '0r

 (1.2.27) 
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qs = Lls iqs + LM(iqs + i 'qr)

ds = Lls ids + LM(ids + i 'dr)

0s = Lls i0s

 'qr = L'lr i 'qr + LM(i 'qr + iqs)

 'dr = L'lr i 'dr + LM(i 'dr + ids)

 '0r = L'lr i 'qr

 (1.2.28) 

The electromagnetic torque can be calculated exploiting the equation written in terms of machine 

variable and substituting the expression: fabcx = K
-1
x  fqd0x it is possible to write: 

Te(ij,r) = 



P

2  
∂Wc(ij,r)

∂r
 = 



P

2 (iabcs)T 
∂

∂r
[L 'sr] i 'abcr =  

= 



P

2 ((Ks)
-1

 iqd0s)T
∂

∂r
[L 'sr](Kr)

-1
i 'qd0r 

(1.2.29) 

After simple algebraic manipulations: 

Te = 
3
2 



P

2  LM (iqs i 'dr - ids i 'qr) (1.2.30) 

Equivalent expression can also be obtained substituting the current with the flux expressions: 

Te = 
3
2 



P

2  ( 'qr i 'dr -  'dr i 'qr) (1.2.31) 

Te = 
3
2 



P

2  (ds iqs - qs ids) (1.2.32) 

It is worth noting that the torque expression does not depend on the reference frame transformation.   

 

D. Field oriented control of the healthy IM 

The type of control adopted in the simulations and experimental results shown in the next chapters 

is the field oriented control or vector control; this control allows an independent regulation of the 

torque and flux of the induction machine, ensuring high dynamic performance thanks to regulation 

of both the amplitude and the phase of the ac excitation [48], [49].   

There are many variants of this type of control such as: stator flux-oriented, rotor flux-oriented and 

air-gap flux oriented; the main aim of this control category is to keep a 90° spatial orientation 

between the main field components similarly to DC motor drives [49].  These controls can be 

implemented in different ways; the direct method is based on the knowledge of the flux by means of 

sensors positioned inside the machine but this is not practical and in most cases the flux can be 



35 
 

estimated through “observer” based on the machine model; the indirect method consists of the 

suitable definition of the angular velocity slip, that is the necessary and sufficient condition to 

achieve the field orientation.  For this study only the indirect rotor-flux field oriented control 

(IFOC) is considered.   

To achieve the correct decoupling considering the qd0 model for the general analysis, the only qd0 

reference frame that can be chosen is the one synchronous with the rotor flux , i. e  = r and the 

phase  = r is selected in order to have the rotor flux aligned with the d-axis, this implying 

 'qr = .  In this reference frame the d-axis stator current components is aligned with the rotor flux 

while the q-axis component is in quadrature with respect to the rotor flux as shown in Figure 1.31.   

 
Figure 1.31 qd current components with the reference axes oriented to the rotor flux. 

Considering the qd0 equations in this reference frame: 
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r
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s + p 
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d

r
s
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d

r
s = Rs i


d

r
s + p 
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r
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s

v

0

r
s = Rs i


0

r
s + p 


0

r
s

0 = R'r i'
r
qr  + p 'r

qr  + (r - r) 'r
dr

0 = R'r i'
r
dr  + p 'r

dr  - (r - r) 'r
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0 = R'r i'
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 (1.2.33) 
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r
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r
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d

r
s = Lls i


d

r
s + LM(i


d

r
s + i'

r
dr )



0

r
s = Lls i


0

r
s

'r
qr  = L'lr i'

r
qr  + LM(i'

r
qr  + iq

r
s) = 0

'r
dr  = L'lr i'

r
dr  + LM(i'

r
dr  + id

r
s)

'r
0r  = L'lr i'

r
0r

 (1.2.34) 

Te = 
3
2 



P

2  
LM
Lr

 ('r
dr  iq

r
s) (1.2.35) 

The following results can be derived as follow, considering for simplicity the upper script r that 

indicates the reference frame will not be reported. 

a) From the flux equation, because  'qr =  follow  i 'qr = - 
LM
L'r

 iqs 

From relation a) if the flux is kept constant, an instantaneous change in iqs corresponds to an 

instantaneous change of the torque Te.   

b) 0 = R'r i 'qr + (r - r)  'dr 

From b) the slip frequency, sr= (r - r), that assures the field orientation, can be calculated  

sr = LM 
R'r
L'r

 
iqs
 'dr

 

An important relation between the stator current component ids and the rotor flux can be defined. 

c) From the flux equation, the current i 'dr is equal to i 'dr = 
 'dr - LM ids

L'r
 

d) Substituting c) in the voltage equation 0 = R'r i 'dr + p  'dr p  'dr = - 
R'r
L'r

  'dr + 
R'r
L'r

LM ids   







1

r
 + p   'dr = 

LM
r

 ids  'dr = 
LM

( )1 + r p
 ids 
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From d) it is shown that a variation of the ids does not produce an instantaneous variation of the 

rotor flux but its changing depends on the rotor time constant r, r = 
L'r
R'r

; while at steady state 

 'dr = LM ids and i 'dr = 0 

e) From d) a relation between ids and i 'dr, solving the voltage equation can be also defined 

0 = R'r i 'dr + p  'dr for the current, obtaining i 'dr = - 
LM p ids

R'r( )1 + r p
  

The relation e) clearly shows that i 'dr exists only when ids is changing (there is a flux variation) and 

its dynamic depends on the rotor time constant.   

f) The final expression of the slip frequency can be obtained substituting in equation b) the 

result obtained in d) 

sr = 
1
r

 
iqs
 ids

(1 + r p) 

 

The field oriented control is an example of No Linear State Feedback (NLSFb) [50]. 

Adjusting the previous equations and considering the equation (1.2.31) of the torque and the rotor 

voltage equations of (1.2.33), the block diagram reported in Figure 1.32 can be defined, this simple 

and insightful representation allows to understand how it is possible to achieve the decoupling 

between torque and flux performing the No Linear Decoupling State Feedback (NLDSFb) [50].  In 

this block diagram the two q and d axis components of the stator current are the manipulated inputs, 

assuming that : 

( - r)  'dr = 
R'r
L'r

 LM iqs          ( - r) = LM 
R'r
L'r

 
iqs
 'dr

 

 

(1.2.36) 

the decoupling between the torque and flux is achieved and (1.2.36) confirm the already founded in 

(b), slip condition.  
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Figure 1.32 Non Linear state block diagram of the IM.  

A typical block diagram for the implementation of the IFOC is shown in Figure 1.33. 

 
Figure 1.33 Block diagram of the Rotor Flux Field Oriented Control for IM. 

In the block diagram an inner current loop is evident, where the reference values of the q and d – 

axis current components are compared with the feedback currents, measured through appropriate 

current sensors and transformed in the qd0 reference frame synchronous with the rotor flux using 

the transformation matrix Ke
s.  The rotor flux angle is obtained summing the electrical rotor position 

and the slip angle obtained by the integration of the slip frequency (Slip calculation). In this way the 

PI controllers elaborate dc quantities [51].  In this block diagram the slip equation is simplified, 
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sr = 
1
̂r

 
ie*
qs

ie*
ds

 , because does not include the dynamic of the rotor flux, always true when the flux 

level is kept constant (Ie*
ds = const); instead, if it is necessary to change, continuously the value of 

the flux, it is useful to take into account the rotor flux dynamic, adopting a slightly different block 

diagram as suggested in [49].  The rotor time constant is indicated with the overstrike “^”, because 

in general the exact value of the rotor resistance and the inductance is not known hence this will 

affect the slip calculation producing a not perfect field orientation.  Two synchronous frame PI 

current controllers are adopted to provide the correct voltage that reduce the current error to 0; this 

voltage, ve*
qs and ve*

ds are transformed in “abc” frame through the inverse transformation matrix 

(Ke
s)-1 and the PWM modulator will provide the gate signals for the inverter’s power devices. 

The q-axis reference current that produces the torque is defined by the outer speed loop, also in this 

case a PI controller is employed to reduce the speed error to zero providing the correct value of the 

torque current component, ie*
qs.   

 

E. Equations in qd0 variables for the faulty conditions 

As aforementioned, the model of the motor is modified in case of faulty operation, with respect to 

the healthy model, thus to obtain the qd0 model a suitable transformation matrix is adopted.  For the 

three-phase induction machine working with two-phase the model for the c-stator phase fault was 

developed in [40]; in the following paragraph the model will be reported and extended also for 

phase a and b faulty. 

The equations in machine variables are below reported for simplicity: 



 vijs = rsf iijs + p ijs

v 'abcr = r 'r i 'abcr + p  'abcr
  









ijs

 'abcr
 = 








Lsf L 'sfr

(L 'sfr)T L 'r
 








iijs

i 'abcr
  

(i, j) = 


 b,c fault stator phase a

a,c fault stator phase b

a,b fault stator phase c
  

The rotor circuit is assumed always healthy, hence the rotor resistance and inductance matrix are 

equal to the healthy case.  The authors adopt the convention fdq = fd + jfq.   
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The transformation in the qd0 variables, it is performed adopting the following transformation 

matrices, take into account that the final model equations are referred to the a stationary reference 

frame.   

For the stator circuit, the transformation matrix T
s
s is obtained from a set of eigenvectors associated 

to the eigenvalues of the matrix Lsf, keeping out the leakage inductance. 

For fault of phase a and c: 

T
s
s = 

2
2  







1 -1

1 1
 (1.2.37) 

(T
s
s)

-1
 = 

2
2  







1 1

-1 1
 (1.2.38) 

For fault of phase b: 

T
s
s = (T

s
s)

-1
 = 

2
2  







-1 1

1 1
 (1.2.39) 

The coefficient of the eigenvector 
2

2  is chosen to satisfy the constraint fdq  = f
2
d + f

2
q = fs  

where fs  is the module of the “ij” stator variable: voltages, currents and fluxes.   

The standard transformation matrix is used for the rotor circuit, as it is a balanced three phases 

system: 

K
r
r = 

2
3 









1 - 
1
2 - 

1
2

0
3

2 - 
3

2

1
2

1
2

1
2

 (1.2.40) 

(K
r
r)

-1
 = 

2
3 









1 0
1
2

- 
1
2

3
2

1
2

- 
1
2 - 

3
2

1
2

 (1.2.41) 

The constant gain 
2
3 allows to have a so-called “power invariant” transformation, and also the 

inverse matrix corresponds to direct matrix transposed; but fdq  ≠ fr , fr  is the module of the 
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“abc” rotor variables.  Substituting the previous matrices in the equations (1.2.9) and (1.2.10) can be 

obtained (1.2.42) and (1.2.43). 



v

s
dqs = T

s
s rsf (T

s
s)

-1
i
s
dqs + T

s
s p 



(K

s
s)

-1


s
dqs

v 'rdqr = K
r
r r 'r (K

r
r)

-1
i 'rdqr + K

r
r p 



(K

r
r)

-1
 'rdqr

 (1.2.42) 









s
dqs

 'rdqr

 = 






T

s
sLsf(T

s
s)

-1
T

s
sL 'sfr (K

r
r)

-1

K
r
r (L 'sfr)T (T

s
s)

-1
K

r
r L 'r (K

r
r)

-1
 






i

s
dqs

i'
r
dqr

 (1.2.43) 

(1.2.42) and (1.2.43) are below verified. 

T
s
s rsf (T

s
s)

-1
 = Rs 







1 0

0 1
 = rsf  

T
s
s p 



(T

s
s)

-1


s
dqs  = p 

s
dqs  

K
r
r r 'r (K

r
r)

-1
 = R'r 







1 0 0

0 1 0

0 0 1
 = r 'r  

K
r
r p 



(K

r
r)

-1
 'rdqr  = p  'rdqr  

Lss = T
s
sLsf(T

s
s)

-1
 = 






Lls + 

3
2Lms 0

0 Lls + 
1
2Lms

  

For phase a-fault; 

Lsrf = T
s
sL 'sfr (K

r
r)

-1
 = Lms 









3

2 sin(r)
3
2 cos(r)

- 
3

2  cos(r)
3

2  sin(r)
  

(Lsrf)
T

 = K
r
r (L 'sfr)T (T

s
s)

-1
 = Lms 









3

2 sin(r) - 
3

2  cos(r)

3
2 cos(r)

3
2  sin(r)

  

For phase b-fault 

Lsrf = T
s
sL 'sfr (K

r
r)

-1
 = Lms 









3

2 cos(r + 
5
6 )

3
2 sin(r - 


6)

-
3

2  sin(r - 

6)

3
2  cos(r + 

5
6 )
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(Lsrf)
T

 = K
r
r (L 'sfr)T (T

s
s)

-1
 = Lms 









3

2 cos(r + 
5
6 ) -

3
2  sin(r - 


6)

3
2 sin(r - 


6)

3
2  cos(r + 

5
6 )

  

For phase c-fault 

Lsrf = T
s
sL 'sfr (K

r
r)

-1
 = Lms 









3

2 cos(r + 

6) - 

3
2 sin(r + 


6)

3
2  sin(r + 


6)

3
2  cos(r + 


6)

  

(Lsrf)
T

 = K
r
r (L 'sfr)T (T

s
s)

-1
 = Lms 









3

2 cos(r + 

6)

3
2  sin(r + 


6)

- 
3
2 sin(r + 


6)

3
2  cos(r + 


6)

  

Lrr = K
r
r L 'r (K

r
r)

-1
 = 






L'lr + 

3
2Lms 0

0 L'lr + 
3
2Lms

  

To refer the rotor variables from the qd0 rotor frame to the stationary frame, a suitable 

transformation matrix, K
s
r, depending on the faulty phase, is implemented in order to delete “sin” 

and “cos” terms from the coupling inductance matrix Lsrf.   

K
s
r = 









cos(r + ) - sin(r + )

sin(r + )  cos(r + )
 (1.2.44) 

(K
s
r)

-1
 = 








cos(r ) sin(r + )

- sin(r + ) cos(r + )
 (1.2.45) 

 = 









- 

2   phase a-fault

5
6    phase b-fault


6   phase c-fault

  

 



 v

s
dqs = rsf i

s
dqs + p 

s
dqs

v 'sdqr = K
s
r r 'r (K

s
r)

-1
i 'sdqr + K

s
r p 



(K

s
r)

-1
 'sdqr

 (1.2.46) 
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s
dqs

 'rdqr

 = 






Lss Lsrf (K

s
r)

-1

K
s
r (Lsrf)T K

s
r Lrr (K

s
r)

-1
 






i

s
dqs

i'
s
dqr

 (1.2.47) 

 

K
s
r r 'r (K

s
r)

-1
 = r 'r  

K
s
r p 



(K

s
r)

-1
 'sdqr  = p  'sdqr + 







0 - r

r 0
  'sdqr  

Lsrf (K
s
r)

-1
 = K

s
r (Lsrf)T= 







3
2 Lms 0

0
3

2  Lms
  

K
s
r Lrr (K

s
r)

-1
 = Lrr 

 
 

To sum up, the final “dq” model in the stationary frame is reported below in scalar form: 





 v

s
ds = Rs i

s
ds + p 

s
ds

v
s
qs = Rs i

s
qs + p 

s
qs

0 = R'r i 'sdr + p  'sdr - r  'sqr

0 = R'r i 'sqr + p  'sqr + r  'sdr

 (1.2.48) 






 

s
ds = Lls i

s
ds + Md(i

s
ds + i 'sdr) = Lds i

s
ds + Md i 'sdr


s
qs = Lls i

s
qs + Mq(

i
s
qs
3
 + i 'sqr)= Lqs i

s
qs + Mq i 'sqr

 'sdr = L'lr i 'sdr + Md(i 'sdr + i
s
ds) = L'r i 'sdr + Md i

s
ds

 'sqr = L'lr i 'sqr + LM(i 'sqr + 3
i
s
qs
3 ) = L'r i 'sqr + Mq i

s
qs

 (1.2.49) 

Lds = Lls + 
3
2 Lms Lqs = Lls + 

1
2 Lms L'r = L'lr + 

3
2 Lms 

Md = 
3
2 Lms Mq = 

3
2  Lms 

 

The torque equations can be expressed with the following equation: 
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Te(ij,r) = 



P

2  
∂Wc(ij,r)

∂r
 = 



P

2 (iijs)T 
∂

∂r
[L 'sfr] i 'abcr =

= 



P

2 ((T
s
s)

-1
 i

s
dqs)T

∂
∂r

[L 'sfr](K
r
r)

-1
(K

s
r)

-1
i 'sdqr 

 

Te = 
P
2 (Mq i'

s
dr i

s
qs - Md i'

s
qr i

s
ds) (1.2.50) 

 

F. Field oriented control of the faulty IM 

 Rotor-flux field orientation can be implemented also for the IM working under unbalanced 

conditions, , but to avoid pulsating torque the rotation matrix, transforming the stator current 

components, i
s
dqs from the stationary frame to the rotating frame synchronous with the rotor flux, is 

modified introducing the two mutual induction Md and Mq to balance the unbalanced model.  

Applying this transformation the two phase currents will be shifted by 60° as previously defined in 

the paragraph 1.2, only in this way is possible to generate a balanced MMF.   







i

e
ds

i
e
qs

 = 







Md
Mq

cos(e)
Mq
Md

sin(e)

- 
Md
Mq

sin(e)
Mq
Md

cos(e)

 






i

s
ds

i
s
qs

 (1.2.51) 







i

s
ds

i
s
qs

 = 







Mq
Md

cos(e) - 
Mq
Md

sin(e)

Md
Mq

sin(e)
Md
Mq

cos(e)

 






i

e
ds

i
e
qs

 (1.2.52) 

 

T
e
s = 







Md
Mq

cos(e)
Mq
Md

sin(e)

- 
Md
Mq

sin(e)
Mq
Md

cos(e)

  

(T
e
s)

-1
 = 







Mq
Md

cos(e) - 
Mq
Md

sin(e)

Md
Mq

sin(e)
Md
Mq

cos(e)
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For the rotor variable variables that are reported in the stationary frame the standard rotation matrix 

can be used. 







i

e
dr

i
e
qr

 = 








cos(e) sin(e)

- sin(e) cos(e)
 






i

s
dr

i
s
qr

 (1.2.53) 







i

s
dr

i
s
qr

 = 








cos(e) - sin(e)

sin(e) cos(e)
 






i

e
dr

i
e
qr

 (1.2.54) 

Taking into account this transformation both direct or indirect field orientation can be implemented, 

for the purpose of this activity the IFOC is tested.   

Transforming the model equations in the rotor - flux reference frame, aligning the rotor flux along 

the d-axis, (
e
qr = 0), the slip frequency that allow to achieve the field orientation can be calculated, 

considering the rotor equations: 

0 = rr i
e
dr + p 

e
dr  

0 = rr i
e
qr + (e - r) 

e
dr  


e
dr = Md Mq i

e
ds + Lr i

e
dr  


e
qr = Md Mq i

e
qs + Lr i

e
qr = 0  

Te = 
P
2 

Md Mq
Lr

 i
e
qs 

e
dr  

From qr - flux equation can be obtained the current i
e
qr: 

i
e
qr = - 

Md Mq
Lr

 i
e
qs  

Substituting in the dr – voltage equation, solving for the slip frequency sr = (e - r): 

sr = 
Rr
Lr

 Md Mq 
i
e
qs


e
dr

  

In the slip equation instead of LM there is the coefficient Md Mq 

The slip frequency expressed in terms of stator current components, writing and substituting the 

expression of the dr-flux: 
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e
dr = 

Md Mq
(1 + pr)

 i
e
ds  

sr = 
1
r

 
i
e
qs

i
e
ds

 (1 + p r)  

For steady state it becomes: 

sr = 
1
r

 
I
e
qs

I
e
ds

  

r = 
Lr
Rr

 is the rotor time constant. 

Under a generic open phase fault, the slip frequency equation, expressed in terms of the stator 

currents components, is equal to the healthy case already shown in the paragraph 1.2.1 D.   

 
Figure 1.34 Fault tolerant control block diagram for Rotor Flux Indirect Field Orientation. 

Some simulations of the fault tolerant IFOC for IM are reported in Figure 1. 35.  A 3kW IM whose 

parameters are reported in Table 1.5, is simulated and the drive is speed controlled operating at a 

constant speed of 50 rad/s, at 1s a torque load of 50% of the rated value is applied, at 1.2s the phase 

b is opened; in this case the fault detection and identification of the fault is not implemented but the 

capability of the control to handle the fault is tested, therefore due to the application of the fault 

there is a sag on the speed and on the torque, caused by a transient on the q-axis current.  The stator 

phase currents are also shown and after the fault the remaining two phase currents a and c are 

increased in amplitude and shifted by 60° while the neutral current is not zero; at the end of this 

transient the drive can satisfy the required speed and torque command.  
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Table 1.5 3kW IM motor parameters. 

Rated Power [kW] 3 Rs, Rr [] 2, 1.66 

Rated Voltage [V] 400 Lls, Llr [H] 0.0105, 0.0105 

Rated frequency [Hz] 50 Lms [H] 0.171 

Rated speed [rpm] 1430 Poles (P) 4 

Rated current [A rms] 6.9 Rotor Inertia [Kgm2] 0.014 
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Figure 1. 35 Fault tolerant IFOC for IM in normal operative conditions and after a fault on phase b. 



48 
 

1.2.2 PMSM modeling and control 

In a similar way, as already for the IM, the PMSM model in machine variables and in qd0 reference 

frame are reported in case of healthy and faulty working conditions [45], [46].  Similarly to the IM 

model, PMSM described in the following does not include the iron losses or saturation effect of the 

ferromagnetic circuits as the latter is not the objective of this activity.   

A. Analytical model in healthy conditions 

 A 3-phase PMSM synchronous machine is composed of a stator circuit where the 3-phase stator 

windings shifted to each other by 120 electrical degrees are positioned, and the rotor circuit 

consisting of permanent magnets structure substituting the field winding to provide the excitation 

field.  The use of PM allows to reduce the weight and increase the efficiency and the dynamic 

performances of the motor, [46], [47].  The excitation field is directed along a particular direction 

indicated as “d-axis” and shifted by 90° electrical from that defined as “q-axis”.  The stator 

windings distribution can define a sinusoidal or a trapezoidal MMF, while the rotor structure can be 

wound or anisotropy; hence, in the second one there is a magnetic saliency that defines a different 

value of the inductance depending on the rotor position [46].  In the first type of rotor structure the 

permanent magnets are positioned on the surface, defining the so called “surface mounted 

permanent magnet synchronous machine”, indicated also as PMSM, while in the second type the 

permanent magnets are buried in the rotor, defining the “interior mounted permanent magnet 

synchronous machine”, called also IPM.  In the following, the equations in machine variables are 

reported for sinusoidally distributed stator windings and no damper windings in the rotor are 

considered [46].  



vabcs = rs iabcs + p abcs

abcs = Ls iabcs +  'm
 (1.2.55) 

rs = Rs 






1 0 0

0 1 0

0 0 1
  

Ls = 









Lls + LA - LBcos(2r) - 

1
2 LA - LBcos2(r - 


3) - 

1
2 LA - LBcos2(r + 


3)

- 
1
2 LA - LBcos2(r - 


3) Lls + LA - LBcos2(r - 

2
3 ) - 

1
2 LA - LBcos2(r + )

- 
1
2 LA - LBcos2(r + 


3) - 

1
2 LA - LBcos2(r + ) Lls + LA - LBcos2(r + 

2
3 )
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The matrix Ls contains the leakage inductance Lls and the self and mutual inductance of the stator 

windings that are defined by a constant term LA and variable term LB function of two times the 

rotor position.  For a wound rotor structure LB = 0. 

Assuming Lmq = 
3
2 ( )LA - LB  and Lmd = 

3
2 ( )LA + LB , can be possible to write 

LA = 
1
3 ( )Lmq + Lmd  and - LB = 

1
3 ( )Lmq - Lmd  or alternatively Lq = Lls + Lmq,. 

Ld = Lls + Lmd, LA = 
1
3 ( )Lq + Ld - 2 Lls , - LB = 

1
3 ( )Lq - Ld . 

 'm = m 









sin(r)

sin(r - 
2
3 )

sin(r + 
2p
3 )

 (1.2.56) 

 'm is a matrix that describes the permanent magnet flux, as seen from the stator, linkages with the 

stator windings, that is function of the rotor position; m is the amplitude of the flux linkages 

established by the permanent magnet.   

The electromagnetic torque is function of the energy stored in the coupling field and can be 

expressed by the differentiation of the coenergy, under the assumption of linear system, with the 

following relation: 

Te(ij,r) = 



P

2  
∂Wc(ij,r)

∂r
 = 



P

4 (iabcs)T 
∂

∂r
[Ls - LlsI] iabcs +

+ 



P

2  (iabcs)T 
∂

∂r
[ 'm] = T

r
e + T

e
e 

(1.2. 57) 

T
r
e = - 



P

2  






Lq - Ld

3  





i2as - 

1
2 i2bs - 

1
2 i2cs - ias ibs - ias ics +2 ibs ics  sin(2 r)  +  

+ 


3

2   i2bs - i2cs  -2 ias ibs + 2 ias ics  cos(2 r)  

(1.2. 58) 

T
e
e = 



P

2  m 






3

2  ( )ibs - ics   sin(r) + 



ias - 

1
2 ibs - 

1
2 ics  cos(r)  (1.2. 59) 

T
r
e is the electromagnetic torque associated to the saliency of the machine in fact it depends on Lq 

and Ld instead T
e
e is an excitation torque due to the permanent magnet flux linkage.   
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B. Analytical model under faulty conditions 

 Assuming that one of the three stator phases is not supplied, the model equation has to be 

modified to describe the system correctly. 



vijs = rsf iijs + p ijs

ijs = Lsf iijs +  'mf
 (1.2. 60) 

The subscript index i and j: 

(i, j) = 


 b,c fault stator phase a

a,c fault stator phase b

a,b fault stator phase c
  

rsf = Rs 






1 0

0 1
  

Lsf = 





Lls + LA - LBcos2(r + 1) - 

1
2 LA - LBcos2(r + 2)

- 
1
2 LA - LBcos2(r + 2) Lls + LA - LBcos2(r + 3)

  

 'm = m 








sin(r + 1)

sin(r + 3)
  

(1, 2, 3) = 



 



- 

2
3 , 0, 

2
3  fault stator phase a
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These two generalized expressions can be also obtained setting to zero the current of the phase fault 

in the torque equations previous defined for the healthy model. 

 

C. Equations in qd0 synchronous reference frame for healthy conditions and field 

orientation 

 The representation of the PMSM model in the qd0 reference frame can be performed by means 

of the transformation matrix introduced in the paragraph 1.2.1 C, with respect to the IM the 

electrical rotor quantities are directly expressed in qd0 variables and a wide benefit can be obtained, 

transforming the stator circuits using the Park’s transformation [46]; in fact,  by referring the stator 

quantities to a qd0 reference frame synchronous with rotor and considering the assumption of linear 

system, the dependency of the inductance with the rotor position does not exist leading to only 

constant parameters.   

The equations in machine variables are below reported for simplicity. 

The transformation matrix is applied directly to refer the stator equation in machine variables to the 

qd0 frame synchronous with the rotor, hence the transformation matrix adopted is reported below. 

Considering the transformation angle x it will be in this case: s =  - s = r - 0 = r, where  the 

position of the qd0 frame is set equal to r instead s the position of the “abc” stator is considered 

equal to 0. 
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Applying the relations fr
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To sum up, the equations in scalar form are below reported. 

A quite simple representation of a PMSM is achieved with the qd0 variables referred to a 

synchronous rotor frame, fundamentally two pure RL circuits are describing the electrical model of 

the machine if a decoupling of the rotational terms r 
r
ds and - r 

r
qs is performed. 

For the PMSM the field orientation description is introduced together with the qd0 modeling 

because it is simpler than the IM. Practically, the same concept discussed for the IM field 

orientation is applied here, but in this case, since the rotor flux is always aligned with the d-axis and 

it is synchronous with rotor, the only way to achieve the field orientation is to transform the model 

in the qd0 reference frame synchronous with the rotor, Figure 1.36 reports the block diagram for 

this type of control.   

 
Figure 1.36 Block diagram for the Field Orientated control of PM synchronous machine. 
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D. Equations in qd0 variable for faulty conditions and field orientation 

The qd0 model valid for open-phase fault is defined in [45], following a different approach with 

respect to that one proposed for the IM in [40]; also in this case at the end of the process the phase 

current of the healthy phases will be shifted by 60°.  In this case different transformation matrices 

are used to transform voltages / fluxes and currents equations compared to the IM model.  The 

transformation process is reported below. 

The first transformation matrix A is obtained from the eigenvectors associated to the eigenvalues of 

the constant part of the matrix Lsf; that is rewritten in terms of Lq and .Ld. 

Voltage and flux equations in the qd0 stationary frame are: 
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The upper-script “u” means “unbalance”. 

For balancing the matrix  'm2 the matrix B is introduced and a transformation in another qd0 

stationary frame is defined as follow. 

From the value of , before defined it is obtained for whatever fault: 

The voltage terms does not change after the application of B matrix. 

The model in the qd reference frame synchronous with the rotor is obtained with the application of 

the rotational matrix R for voltages and fluxes and RI for currents.   
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The coefficients introduced in the RI matrix are exploited to balance the model and cancel the 

dependency from the rotor position, obtaining a model with constant coefficient that can produce 

constant electromagnetic torque.   

Setting a=3c; b=3d and c=d=1 quite the same model of the faulty PMSM machine is obtained 

compared to the healthy one.  The only difference is introduced in the resistance matrix and in the 

leakage inductance terms becoming rotor dependent and cross-coupled between q and d- axis, but 

because their value is relatively small they do not produce significant disturbance as demonstrated 

in [45]. 
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Figure 1.37 Fault tolerant control block diagram for FOC of PMSM. 

Figure 1.37 shows the complete block diagram for a PMSM which include the matrices for the 

vector control or FOC in normal operations and that one for the control under an open phase fault. 

Naturally the position of the selector S is defined by an appropriate fault detection algorithm as well 

as the different parameter values.   

Simulation tests can provide similar results as that one before showed for the IM. 
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1.3 Conclusions  

In this chapter a State-of-the-Art-Review has been presented, starting from the definition of 

multi-drive systems and their applications; different topologies have been analyzed highlighting 

their pros and cons with respect to the concept of reliability improvement. This objective can be 

achieved modifying the standard drive topologies with additional circuital elements allowing to 

overcome the faulty conditions, sometimes with reduced performance, also in case of fault of 

one or more drive components.  Many power converter structures and techniques have been 

reviewed together with the modeling and control referred in particular for three phase IM and 

PMSM.  
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Chapter 2 Fault tolerant Multi-Drive System 
A proposed Fault Tolerant Multi-Drive System (FT MDS) is presented in this chapter, highlighting 

different caveats regarding the common mode voltage, the dc link utilization, the modulation 

strategy and the power losses.  Simulation and experimental results have been conducted for a FT 

MDS composed of IM independently controlled and after with two IM mechanically coupled.  It is 

also assumed that all the types of fault can be isolated and handled as open circuit.   

 

2.1 Fault Tolerant Multi-Drive System 

MDS can be employed in many types of applications and as already discussed in Chapter 1 a 

unique configuration for all the processes does not exist, but a standard and simple MDS topology 

that can be easily utilized consists of “n” two - level, three - leg inverters that feed three phase ac 

machines with a common dc bus as shown in Chapter 1, Figure 1.5.  The aim of this type of system 

is to control independently each electrical motor and although this objective can be accomplished 

with other structures reducing the number of components and also the cost and sharing more 

elements, the degrees of freedom in case of fault are reduced too, causing in many cases the stop of 

all the drives.  The degrees of freedom provided by the adopted topology can be exploited during 

one or more faults of the drives.  Each three-phase inverter is modified adopting the structure 

proposed in [1],[2],[3], to isolate the faulty leg or phase of a drive, and as mentioned in [4] a three 

phase ac motor can work supplying only two phases with two independent currents.  Hence, 

because the third phase is lost, the neutral point of the stator windings has to be connected providing 

an emergency current path.  Usually the neutral point is connected to the midpoint of the dc-link 

capacitors bank [4], causing ripple on the DC bus voltage; the topology represented in Figure 2.1, 

[5], can provide the emergency current path for the faulty drives exploiting the remaining healthy 

drives; this goal is achieved by using additional switches, indicated as SW1, SW2,  SWn; 

depending on the system requirements, they can be semiconductor devices or simple 

electromechanical relays.   

 
Figure 2.1 Fault tolerant Multi-drive topology.  
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During normal operations, when all the drives are healthy, these additional switches are turned 

off and act as an open circuit; instead, when a fault occurs in one or more drives, the faulty inverter 

component or motor phase will be isolated, some or all of the additional switches are turned on and 

the neutral points of the faulty and healthy machines are connected together.   

Considering a MDS with “n” three phase drives with the proposed “cooperative” strategies, the 

system is tolerant to “n-1” faulty drives with a single fault and all the drives operating 

independently.   

 
Figure 2.2  Sharing current strategy in case of a single faulted drive. 

Figure 2.2 shows a MDS with a single open phase fault in one drive; in particular, the stator phase 

“c” of M1 is disconnected from the inverter leg and the red line represents the neutral current 

obtained as the sum of the currents of the two healthy phases of the faulty unit; the neutral current is 

indicated as io1, and it flows through the neutral point connections in the stator windings of the 

healthy drives.   

As this neutral current represents a zero sequence current in the healthy drives, it does not affect 

their control; therefore, torque and flux are still controlled respectively by the q and d stator current 

components whatever the ac motor is; consequently, the amount of neutral current flowing in the 

healthy stator windings is identified as a zero sequence current component and it will affect the zero 

sequence current circuit, constituted by the stator resistance and the leakage inductance [6].   

 

Figure 2.3 Sharing current strategy in case of a single faulted drive. 
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The zero sequence current circuit of each healthy machine results parallel connected, as can be seen 

in Figure 2.3, therefore, the per-phase zero sequence current amplitude Ioj will be shared among the 

healthy drives following the general current divider rule:   

Ioj = 
1
3 Io1 







1
-
Zj

1
-
Z1

 + 
1
-
Zj

 +   
1
-
Zn

 (2.1.1) 

Ioj is the amplitude of the per-phase current in each stator winding; Io1 is the amplitude of the 

neutral current or zero sequence current produced by the faulty drive; 
-
Zj is the stator phase 

impedance of the zero sequence axis circuit for the j-th drive 
-
Zj = Rs + j Xls.   

If the “n-1” healthy drives, exploited as feedback path for the faulty current, have the same 

characteristics hence the same 
-
Zj, the per-phase current Ioj can be directly expressed as: 

Ioj = 
1

3(n-1) Io1 (2.1.2) 

The amplitude of the neutral current is given by the sum of the currents of the two healthy phases of 

the faulty drive; as discussed in [4], the mmf in a faulty drive is equal to that one during healthy 

operation, by applying two currents with an increased amplitude of 3 and shifted by 60 electrical 

degrees. 

At steady state: 



 iis (t) = If cos(t)

ijs (t) = If cos(t - )
  

-
Iis = If; 

-
Ijs = If e

j

3 = cos(


3) + j sin 


3 = 


2 If + j


2  If (2.1.3) 

Io1 = 
-
Io1  = 

-
Iis + 

-
Ijs = 



3

2 If
2
 + 






3

2  If
2
 = 3 If (2.1.4) 

If the rms amplitude of the current If in the faulty drive is equal to the rated value, indicated as Ifn, 

the neutral current will be at least 3Ifn.  This current is flowing in the stator windings of the 

healthy drives and will be superimposed on each phase current; this increment, indicated as I, will 

cause an additional copper power losses  Pcu in the healthy drive.   

Considering the general equation (2.1.1) and assuming:  
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kj = 







1
-
Zj

1
-
Z1

 + 
1
-
Zj

 +   
1
-
Zn

 (2.1.5) 

can be obtained: 

 Pcuj = Rsj I j
2 = Rsj 



1

3 kj Io1
2
 = Rsj 




3

3  kj If
2
 = Rsj 




1

3
 kj If

2
 (2.1.6) 

In the worst case, in each phase of the healthy machine, the copper losses increase of  

 PcujM = Rsj 




1

3
 kj Ifn

2
 (2.1.7) 

In addition, the rated current of the healthy drives represent a physical boundary as the additional 

amount of the faulty current has to be considered, thus yielding to an avoidable torque reduction.  

By assuming Inj the rated current of the j-th healthy drive, for a PMSM, it is possible to consider 

that the amplitude of the stator phase current is used only to control the torque (it is set ids = 0) and 

thus:  

Te
Ten

 = 
1
3 kj

Io1
Inj

 (2.1.8) 

The torque reduction depends on the ratio Io1/Inj and the factor kj; hence, if the MDS is constituted 

by n ac machines with different power ratings different values of the phase impedance 
-
Zj need to be 

considered.  As 
-
Zj is higher in small power motors they allow the flow of a less percentage of Io1, 

with respect to higher rated power drives.  Moreover, in the management of the current flow it is 

necessary to consider the overload capability of drives for a short period. 

If the MDS consists of “n” drives with the same power ratings the equation (2.1.8) can be simplified 

as : 

Te
Ten

 = 
1

3(n-1) 
Io1
In

 (2.1.9) 

Table 2.1 shows the torque reduction on the healthy machines for MDS composed of a different 

number of PMSM drives and different values of the ratio Io1/In; it can be noted that increasing the 

number of the drives, the torque reduction becomes very small, and for instance in a MDS with 4 

drives the reduction on each one, when Io1/In = 100% is about 11%  

A similar consideration can be made for the IM but should be noted that a portion of the stator 

phase current vector controls the torque while the other controls the flux; therefore, the previous 
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relation should be applied considering only the stator current component inherently to the torque 

production.  
Table 2.1 Toque Capability reduction (%) of healthy PMSM drives under a Fault Condition. 

n Io1/In 

 10(%) 20(%) 30(%) 40(%) 50(%) 70(%) 100(%) 

2 3.34 6.67 10 13.34 16.67 23.34 33.34 

3 1.67 3.34 5 6.67 8.34 11.67 16.66 

4 1.11 2.22 3.34 4.44 5.55 7.78 11.12 

5 0.83 1.67 2.5 3.34 4.17 5.84 8.34 

6 0.67 1.34 2 2.67 3.34 4.67 6.67 

7 0.56 1.11 1.67 2.22 2.78 3.89 5.56 

 

Another issue that has to be considered is the additional voltage drop Vo on the stator windings of 

the j-th healthy machine, due to the additional zero sequence current. It is given by: 

 Vo = Rsjioj + Lsj 
d
dt ioj (2.1.10) 

This additional voltage drop, depending on the drive operative condition could be considered small 

but in general not negligible and will affect the healthy drives voltage capability; hence an amount 

of the dc-link voltage is used to sustain this voltage drop and the remaining part is used to 

synthesize the fundamental voltage required by the control implemented in the healthy drive.   

The modulation strategies adopted to generate the gate signal for the power converter, for a healthy 

three phase drive without neutral point connection are, in general, SVM or S-PWM with third 

harmonic injection [7], [8], that allow a constant switching frequency and increase the dc-bus 

utilization with respect to a standard S-PWM respectively of 15% and 13.4%.  During post fault 

operation with the proposed MDS configuration, the connection of the neutral point allows the 

circulation of the neutral current of the faulty drives in healthy drives as well as the circulation of all 

low order harmonics due to the additional injection of harmonic voltages, yielding to torque and 

current ripples and additional losses; therefore, when the MDS is configured to work under one or 

more faulty drives, a standard S-PWM is adopted for both faulty and healthy drives.  By the way, 

the analyzed FT configuration of Figure 2.1, also with a standard S-PWM, operates with higher 

voltage limits compared to other FT schemes, in which the neutral point of the stator winding is 

connected to the midpoint of DC-link capacitors, in the latter case the motor neutral point is locked 

to Vdc/2. 
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2.2 Common Mode Voltage analysis 
The common mode voltage (CMV), can be defined as the voltage between the negative rail of 

the dc-bus and the neutral point of the stator windings of an electrical machine and it is a common 

issue in all drives. It is generated by the PWM [9], [11], and potentially can create many troubles, 

such as induced currents on the chassis, on the shaft and on the ball bearings, causing 

electromagnetic interference and a fast reduction of the life span of the last mechanical parts of the 

motor [10].  Different methods are addressed to mitigate this effect: in an active way such as [12]-

[19] suggesting different modulation strategies, or in a passive way, adopting filters [20], [21].  It is 

clear that the active methods are preferred because generally they are based on software 

modification that in general does not require an increment of the drive costs. 

During normal operation, when all the drives are healthy, the additional switches SW1, SW2,  SWn

shown in Figure 2.2, are kept open and the CMV can be expressed with the classical relations used 

for single drive and here reported for simplicity. 

Applying the Kirchhoff voltage law and considering the voltage and flux equations in the stationary 

frame, it can be obtained:   

 
Figure 2.4 MDS with all drives working in healthy conditions. 



VABCjoj = rs iabcsj + p abcsj

V 'abcrj = r 'r i 'abcrj + p  'abcrj = 0
 (2.2.1) 









abcsj

 'abcrj
 = 








Ls L 'sr

(L 'sr)T L 'r
 








iabcsj

i 'abcrj
 (2.2.2) 





VAjoj = VAjN + VNoj = Rjiasj + pasj

VBjoj = VBjN + VNoj = Rjibsj + pbsj

VCjoj = VCjN + VNoj = Rjicsj + pcsj

 (2.2.3) 
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The index “j”, j = 1, 2 ,3,…n, represent the j-th, drive under test.  By summing the previous three 

equations, it can be noted that the three-phase voltages VAjoj, VBjoj, VCjoj as well as the currents, 

iasj, ibsj, icsj and fluxes, asj, bsj, csj are defined as symmetrical and balanced positive 

sequences, and therefore their sum is equal to zero. 

0 = VAjoj + VBjoj + VCjoj = 3 VNoj + VAjN + VBjN + VCjN 

VNoj = - 
1
3 ( )VAjN + VBjN + VCjN  (2.2.4) 

The voltages VAjN, VBjN, VCjN are defined by the eight, inverter’s switch configurations. 

Table 2.2 Common mode voltage. 

States 000 100 110 010 011 001 101 111 

VNoj 0 -1/3 Vdc -2/3 Vdc -1/3 Vdc -2/3 Vdc -1/3 Vdc -2/3 Vdc -Vdc

 

As shown in Figure 2.2, in case of fault in one drive, the additional switches are turned on to 

provide a path for the zero sequence current through the stator windings of the healthy drives.  This 

connection modifies the CMV which is unique for the whole system, and it contains, in addition to 

the high frequency term, low frequency terms as well.   

 
Figure 2.5 MDS with one drive working in fault conditions with all the neutral point connected together. 

The expression of the CMV is provided for the MDS of Figure 2.5, in which there is only one faulty 

drive and hereafter it will be generalized as “m” faulty drives with a single open phase fault.  By 

assuming the MDS of Figure 2.5 is composed by IMs with different characteristics. 
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VA1o = VA1N + VNo

VB1o = VB1N + VNo

VC1o = pcs1

VA2o = VA2N + VNo

VB2o = VB2N + VNo

VC2o = VC2N + VNo

·

·

VAno = VAnN + VNo

VBno = VBnN + VNo

vCno = VCnN + VNo

 (2.2.5) 

 

Summing all the equations of (2.2.5) the following expression is obtained: 

VA1o + VB1o + VC1o+ VA2o + VB2o + VC2o + …+ VAno + VBno + VCno =  

= VA1N + VB1N + pcs1 + VA2N + VB2N + VC2N + …+ VAnN + VBnN +  

+ VCnN + (3n-1) VNo 

(2.2.6) 

For the faulty drive we get: 

ias1 + ibs1 = io1 and ic1s = 0 (2.2.7) 

while the rotor currents are still balanced hence their sum is 0. 

For the voltages:  

VA1o + VB1o + VC1o = Rs1 ias1 + Rs1 ibs1 + p as1 + p bs1 + p cs1 = 

Rs1 (ias1 + ibs1) + pLls1(ias1 + ibs1) + pLms1[ias1 + ibs1 - 
1
2(2ias1 + 2ibs1)]

= Rs1 i01 + Lls1 pi01 

 

VA1o + VB1o + VC1o= Rs1 i01 + Lls1 pi01 (2.2.8) 

In the healthy machine, the phase currents are related to the zero sequence components ioj by 

applying the relationships (2.2.9) and (2.2.10) which can be derived by applying the Kirchhoff 

current law at the point “o”: 

ias2 + ibs2 + ics2= - io2 (2.2.9) 

iasn + ibsn + icsn= - ion (2.2.10) 

Also in this case the sum of the rotor currents on each healthy drive is equal to zero, therefore the 

previous voltage equation (2.2.6) can be rewritten as: 
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VA2o + VB2o + VC2o= Rs2 ias2 + Rs2 ibs2 + Rs2 ics2 + p as2 + p bs2 + p cs2 = 

Rs2 (ias2 + ibs2 + ics2) + pLls2(ias2 + ibs2 + ics2) + pLms2[ias2 + ibs2 + ics2 +

- 
1
2(2ias2 + 2 ibs2 + 2 ics2)] = - Rs2 i02 - Lls2 pi02 

 

VA2o + VB2o + VC2o= - Rs2 i02 - Lls2 pi02 (2.2.11) 

For the generic n-th healthy drive can be obtained: 

VAno + VBno + VCno= - Rsn ion - Llsn pi0n (2.2.12) 

Substituting (2.2.8), (2.2.11) and (2.2.12) in (2.2.6), the expression of the zero sequence voltage for 

the proposed MDS topology is determined: 

VNo = - 
1

(3n-1) [ VA1N + VB1N + pcs1 + VA2N + VB2N + VC2N + …   

]+ VAnN + VBnN + VCnN  + 
1

(3n-1)[ Rs1 io1 + Lls1 pio1 - Rs2 io2 +       

]- Lls2 pio2 … - Rsn ion - Llsn pion  

(2.2.13) 

The zero sequence currents of the healthy drives are obtained applying the relation (2.1.1) without 
1
3

, and kj is defined in (2.1.5). 

ioj = kj io1 (2.2.14) 

VNo = - 
1

(3n-1) [ VA1N + VB1N + pcs1 + VA2N + VB2N + VC2N + …+

]VAnN + VBnN + VCnN  + 
1

(3n-1)[ (Rs1 - k2 Rs2 + … - kn Rsn) io1

]+ (Lls1 - k2 Lls2 …- kn Llsn)pio1  

(2.2.15) 

The equation (2.2.15) can be generalized in case of “m” drives with a single fault and at least one 

drive have to operate in healthy conditions. 

The zero sequence current shared among the healthy drives will be given, in this case, summing the 

zero sequence currents generated by each faulty drive: 

ioj = kj (io1 + io2 + …+ iom)  

VNo = - 
1

(3n-m) [ VX1N + VY1N +p ks1… + VWmN + VZmN + pkms1 +

]+ VAjN + VBjN + VCjN + …+ VAnN + VBnN + VCnN + 

+ 
1

(3n-m)[ Rs1 io1+ … +Rsm iom- (kj Rsj + … + kn Rsn) (io1 + … +iom)

]+ Lls1 pi01 + … + Llsm pi0m - (kj Llsj +… + kn Llsn)p(io1 + … +iom)  

(2.2.16) 
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(X, Y), (W, Z) = 


 B, C fault stator phase A

A, C fault stator phase B

A, B fault stator phase C
 

k and km represent the fault stator phase A, B or C. 

A more compact and general expression for an MDS with “n” different drives, with “m” drives 

affected by a single phase fault can be written as: 

 

VNo = - 
1

(3n-m) 
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3n-m
 VkqN

k=A,B,C
 + 
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m
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- 









     h=1,2…m

m
 Rshi0h - 
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 Rsgkg












 h=1,2…m

m
 i0h  +
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  h=1,2…m

m
 Llshi0h  - 

     g=m+1,m+2…m

n-m
 Llsgkg p 












     h=1,2…

m
 i0h  

(2.2.17) 

In detail: 

VkqN represents the voltage between the midpoint of the healthy legs and the negative rail N of the 

DC bus. 

pMsq represents the voltage related to the induced flux on the faulty leg of the faulty drives. 

Rsh i0h; Llsh p i0h are the voltage drops produced by the zero sequence currents that flow on the 

stator resistances and the leakage inductances of the faulty drives. 

Rsgkg











 h=1,2…m

m
 i0h ; Llsgkgp












 h=1,2…m

m
 i0h  are the voltage drops caused by the sum of the zero 

sequence currents that flow on the stator resistances and the leakage inductances of the “n-m” 

healthy drives taking into account the factor kg . 

During a fault, the CMV contains, in addition to the high frequency component also a low 

frequency term, one term is related to the rate of change of the induced flux on the faulty phase of 

the faulty drive due to the mutual coupling, while the other term is related to the stator resistance 

and leakage inductance of the faulty drives and the stator resistance and the leakage inductance of 

the healthy drives multiplied by the respectively amount of the zero sequence current.  

If all the drives have the same characteristics the relation (2.2.17) can be simplified in (2.2.18):  
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(2.2.18) 

With simple consideration from the previous relation (2.2.18), when Rs, Lls are perfectly equal 

(ideal condition) a component of the low frequency term is perfectly balanced and the CMV is 

defined by (2.2.19): 

VNo = - 
1

(3n-m) 



















   q=1,2…

3n-m
 VkqN

k=A,B,…
 + 











   q=1,2…

m
 pMsq

M=A or B or C
 (2.2.19) 

This relation has been carried out in the case of MDS equipped only with IM, but it can be verified 

also for MDS with only PMSM or more in general for MDS with both IM and PMSM, using the 

appropriate equations, under the assumption of linear model, (magnetic saturation or second order 

effect not included). Only the stator resistance and the leakage inductance will be included in the 

CMV expression and the induced flux on the faulty phase of the faulty drive.   
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2.3 Numerical simulations and experimental results 

In this paragraph simulations and experimental results to verify the capability and performance 

of the FT-MDS configuration are presented.  A FT-MDS consisting of three 1.1kW and a 3kW IM, 

whose parameters are reported in Table 2.3, is investigated.   

 
Table 2.3 Technical specifications of the considered induction motors. 

Motor Specifications IM1, IM2, IM4 IM3 

Rated Power [kW] 1.1 3 

Rated Voltage [V] 400 400 

Rated frequency [Hz] 50 50 

Rated speed [rpm] 1440 1430 

Rated current [A] 3 6.9 

Rs, Rr [] 8, 7.1 2, 1.66 

Lls, Llr [H] 0.0234, 0.0234 0.0105, 0.0105 

Lms [H] 0.534 0.171 

Rotor Inertia [Kgm2] 0.0089 0.014 

 

The simulation test that is reported in Figure 2.6 has been carried out with all drives operating 

independently under IFOCs and IM1 is affected by a single open phase “c” fault.  The Figure 

shows: mechanical speeds, electromagnetic torques, phase currents and their module, and also the 

module of the neutral current.  IM1 is running at constant speed with 30% of load, the two healthy 

phase currents are producing a neutral current Io1 of 6 A; IM2, IM3, IM4 are working at different 

conditions with different speeds and load torques.  Initially, a speed step from 120 to 50 rad/s is 

applied to IM3 operating under the 75% of the rated torque; this is followed by a first load step 

from 0 to 6Nm (80% of rated torque) on IM2 running at constant speed 10rad/s, and soon after a 

second load step from 6 to 9 Nm (120 % of rated torque) is applied to the last motor; IM4 is 

working at constant speed 40 rad/s and under a torque load equal to 80% of the rated torque.  The 

phase currents of all the healthy drives, used as feedback current path for the neutral current of the 

faulty machine, are modulated by each zero sequence current, given by the equation (2.1.1). It is 

clearly visible that faulty condition and thus the zero sequence current does not affect the drive 

control.  Moreover, as can be seen from Figure 2.7, the zero sequence current is independent from 

the speed and load transients; this property confirms its relation only with the zero sequence circuit, 

composed of the stator resistance and the leakage inductance.  As IM3 has the phase impedance 
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smaller than IM2 and IM4, in accordance with Kirchhoff current law, a significant zero sequence 

current is flowing through this drive, while an equal amount of this current, smaller than that of IM3 

is flowing through IM2 and IM4, since they have the same impedance.   

 
Figure 2.6 MDS with one drive operating with an open phase fault and three drives healthy used as feedback current 
path for the neutral current. 

 
Figure 2.7 Zero sequence currents flowing in each motor. 

Experimental results have been performed to validate the simulation analysis with a FT-MDS 

consisting of three IM drives, whose parameters have been already reported in Table 2.3, arranged 

as shown in the block diagram of Figure 2.8.   
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Figure 2.8 MDS Experimental Setup. 

Figure 2.9 shows the steady state behavior at no load of the FT-MDS: the upper picture shows 

the two “a” phase currents of the healthy drives IM2 and IM3, which result distorted by the zero 

sequence current outgoing from the faulty drive IM1, given by the sum of its two healthy phase 

currents; nevertheless, the ripple shown on iq_IM2, rm_IM2 and iq_IM3, rm_IM3 is quite 

negligible, confirming that the zero sequence currents do not affect the field orientation.   

Figure 2.10 has been performed to evaluate the effect of the zero sequence currents during speed 

transient of the healthy drives, IM2 and IM3.  For this test all the machines work at no load, 

therefore IM1 is running at 50 rad/s, while IM2 performs a speed variation from -30 rad/s to 30 

rad/s, followed by a speed variation on IM3 from 40 rad/s to – 40 rad/s.  As can be noted from the 

experimental results, the zero sequence currents io2 and io3 remain quite constant during all the 

transients; this confirms that their amplitude is only related to the zero sequence axis phase 

impedance Zj.   
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Figure 2.9 Steady state test at no load, 
rm_IM1=30rad/s, rm_IM2=80rad/s , and 

rm_IM3=50rad/s. 

 
Figure 2.10 First method: Speed transients occurring at IM2: 
rm_IM2=-30/30 rad/s and IM3: rm_IM3=40/-40 rad/s, 

while IM1operates at rm_IM1=50 rad/s. 
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2.4 MDS with motors mechanically coupled 

In some applications it could be required that two or more motors are mechanically coupled 

powering a single mechanical shaft, as in Figure 2.11.  This mechanical coupling can be more or 

less stiff depending on the component employed that can be e.g.: gear wheels, chains or belt and 

pulley.   

In the following an MDS, with two drives composed of two identical IMs rigidly coupled, is 

analyzed.  This configuration increases the fault tolerant capability with respect to an MDS without 

mechanical coupling, because it is able to work also in the following conditions: 

1) One drive is affected by a single fault and the other is healthy; 

2) Both drives are affected by a single fault; 

3) One drive is affected by a single fault while the other is operating under a double fault. 

 

 
Figure 2.11 MDS with two motors mechanically coupled to the same shaft. 

In normal conditions, without faults, both machines run at the same speed and the electromagnetic 

torque Te is provided in equal part by the two drives, Te = Te1 + Te2.  The IFOC is implemented in 

both drives, and the torque current components are equal, i*r
q1 = i*r

q2. the field orientation is 

guaranteed by the relation (2.4.1) and in this case the angular position of the rotor flux is equal for 

both machines.  Hence, the stator currents have the same frequency. 

r1 = r2 = 















re + 
1
r

 
irq fbk

irdfbk
 dt  (2.4.1) 

 

r is the rotor speed, r is the rotor time constant, irqfbk and irdfbk are the q-d feedback current 

components of each drive.  When the operative condition 1) is verified, the MDS is reconfigured 

isolating the faulty leg and connecting together the neutral points of the two machines, as shown in 
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Figure 2.12.  IM2 is faulty and the neutral current io2 has to flow in the healthy drive stator 

windings. 

 
Figure 2.12 Single open phase fault on IM2. 

In the simulation results shown in Figure 2.13 the rotational speed is kept constant at 50rad/s,  

the phase currents of the healthy drive are modulated by the neutral current outgoing from the faulty 

one, while the electromagnetic torque Te1 and Te2 and the mechanical speed present a negligible 

ripple.  

 
Figure 2.13 Single open phase fault. 



81 
 

When the operative condition 2) is verified the field orientation can still be achieved because the 

machine works at the same rotational speed r, i*r
q1 = i*r

q2 and i*r
d1 = i*r

d2 hence the two neutral 

currents have the same amplitude but opposite phase: 

ia1 + ib1 = io1 = - io2 = - (ib2 + ic2) 

 
Figure 2.14 Two single open phase faults on IM1 and IM2. 

The system is reconfigured as shown in Figure 2.14 while the simulation results are presented in 

Figure 2.15, and they have been performed in the same way as for the operative condition 1), but 

now the electromagnetic torque is equally shared between the two drives.   

 
Figure 2.15 Two single open phase faults. 
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If io1 and io2 have not an opposite phase the field orientation cannot be correctly achieved and a 

complete loss of control can occur, as it is not possible to apply two independent currents shifted by 

60° on the faulty drive. This drawback is overcome by imposing r1 = r2.  A similar 

undesirable effect is verified if the mechanical coupling is not perfectly stiff or the rotor time 

constant of the two motors is slightly different. 

 
Figure 2.16 Torque reduction caused by the deviation from the correct field orientation. 

Figure 2.16 represents the torque losses as function of the percentage error of the rotor time 

constant and the total applied torque, imposing the previous operative condition 2); this picture is 

obtained assuming the motor operating at 20 rad/s.  As can be noted, a torque reduction of 25%-

35% can be achieved with a rotor time constant just 4% different from the rated value. 

The operative condition 3), can also be tolerated by the MDS which is still able to operate, although 

with a reduced torque capability since only one drive is working.  In this case the drive with two 

faults is exclusively used to provide a current path for the other drive, as indicated in Figure 2.17.   

 
Figure 2.17 Single open phase fault in IM1 and two open phase faults in IM2. 

As clearly shown in Figure 2.18, the phase current of the only healthy phase of IM1 is equal to the 

neutral current io2, and the phase currents ib2 and ic2 are shifted by 60°, thus the total 
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electromagnetic torque is almost provided by IM2 but in this case both torque and speed present 

larger ripple with respect to the other cases.  

 
Figure 2.18 Single open phase fault in IM2 and two open phase faults in IM1. 
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2.5 Conclusions 

In this chapter a novel fault tolerant MDS has been presented for three phase drives.  Thanks to a 

cooperative control strategy in case of fault in one or more drives, they can still operate only with 

two phases, after the application of a proper control, capable of imposing two independent currents 

shifted by 60° electrical to each other.  This can be accomplished with the connection of the neutral 

point of the stator winding of the faulty units with the neutral point of the stator windings of the 

healthy drives; in this way a significant improvement of the system’s reliability is guaranteed 

without significant increment of the cost.   

Moreover, the configuration with two drives mechanically coupled has also been investigated and 

the effectiveness of the fault tolerant approach has been evaluated for different types of faults. 

Simulation and experimental tests have confirmed the preliminary considerations and simulations 

tests. 
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Chapter 3 Fault tolerant Wind Power Systems 
The concepts of reliability discussed in the previous chapters can be straightforwardly applied to 

distributed generation units (DGU) adopting at least rotating and stationary electrical machines.   

In this chapter the Fault Tolerant Multi-Drive System (FT-MDS) configuration analyzed in Chapter 

2 is suitable re-adopted to get a Fault Tolerant - Wind Power System (FT - WPS).  In case of fault, 

using a very limited number of additional components and after an appropriate reconfiguration, the 

system is still able to deliver power to the grid.   

 

3.1 Introduction 

The production of energy from renewable sources has increased in the last few years, especially 

the wind energy systems and their market have grown [1], [2]. 

Many topologies of wind turbines are available and one of the elements that characterize the system 

is the type of electrical machine applied to carry out the transformation from mechanical energy, 

produced by the blade rotation induced by the wind, in to electrical energy.  The type of the 

generator is chosen as a function of different constraints such as: minimization of the energy cost, 

and the type of connections that will be made; many research activities such as [3], [4] and [5] 

present a comparison among different types of generators. 

Grid connected wind generation systems have to respect grid standards in order to provide active 

support to the stability of the whole systemic grid [6]; moreover, fault ride-through (FRT) capability 

is required [7].  

A standard Wind Energy Conversion System (WECS) for small-medium power is realized 

connecting the electric generator to the grid through two controlled power converters connected in 

“back to back” configuration, in addition the grid side converter (GSC) can be connected to the grid 

by means of a transformer.  A passive filter is also connected between the GSC and the transformer 

to eliminate higher order harmonics.  The back to back converter can be realized with a standard 

two level three-phase voltage source inverter (VSI) but depending on the wind turbine power rating 

and the grid voltage level also different converters can be used, such as multilevel converters [12].  

There are two more common electrical machines employed in variable speed WPS: permanent 

magnet synchronous machine (PMSM) [8], [9], thanks to its higher efficiency and torque density, 

and the Doubly Fed Induction Machine (DFIM) [13]. The last is an IM with wound rotor; in this 

case, the back to back converter connects the grid and the rotor circuit, while the stator circuit is 

steadily connected to the grid.  DFIM coupled with a back to back converter allows the use of the 

rotor side converter with about 20% of the rated stator power [14].  Both PMSM and DFIM based 
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wind power configurations, thanks to the controlled power converters can precisely regulate the 

phase shift between voltage and current working at unity power factor [15] with a bidirectional 

power flow.  DFIM is more sensitive to grid imbalance due to its stator windings directly connected 

to the grid. 

The full controlled power converter connected to the generator allows variable speed operations in 

order to maximize the energy extracted from WPS, implementing a Maximum Power Point 

Tracking (MPPT) algorithm. 

The wind turbine and the generator shaft can be coupled with a gear box distinguishing low speed 

shaft and high speed shaft turbines.  The presence of the gear box increases the maintenance cost 

and reduces the efficiency; hence, in many case it is removed by adopting electrical machines with 

high number of poles and low rated speed [8], whose typical range is 20-200 r/min, depending on 

the machine’s rated power. In the latter case a direct drive configuration is performed and the wind 

turbine rotor is connected to the generator shaft. 

 

Figure 3.1, Figure 3.2, Figure 3.3 show different configuration of variable speed WPS [3]. 

Gearbox

RSC

DFIG

GSC

Tm Grid

 
Figure 3.1 Standard configuration of WPS based on DFIG. 

PMSGTm

RSC GSC

 
Figure 3.2 Standard configuration of WPS based on 

PMSG. 

RSC

EESGTm

GSC

 
Figure 3.3 Configuration of WPS based on the Electrically 

excited synchronous generator. 
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3.1.1 Fault Tolerant Wind Power Systems 

A WPS can be upset by different types of faults [16], causing, in the worst case, its shutdown or 

disconnection from the grid; therefore, causing loss of incoming and grid instability.  A wind 

turbine is composed of many components and fundamentally can be seen as a system consisting of a 

mechanical part and an electrical one.  Typical elements that can be affected by faults on the 

mechanical system are [17], [18] [19], [20], [21]: 

 Drive train; 

 Pitch control; 

 Yaw control; 

while the faults in the electrical system can occur in [22], [23], [24], [25]: 

 Power converter; 

 Currents, voltages, position sensors; 

 DC link capacitor bank; 

The requirements of wind energy production for the highest number of hours is becoming more and 

more necessary; hence, it is fundamental that WPS must be fault tolerant.  Different actions can be 

accomplished to satisfy this requirement but a good evaluation about the type of faults, their 

frequency and their effects, needs to be made including that a WPS can be installed in remote area 

and it is not easy to repair or substitute rapidly the faulty elements; after, considering also the 

desirable reliability level and the ratio between cost and benefit, different opportunities can be 

considered. 

It has been verified that the electrical components are more affected by faults with respect to the 

mechanical ones [23], nevertheless different fault tolerant controls are implemented to compensate 

also faults on the mechanical systems; many activities are devoted to compensate faults on the pitch 

control system, such as oil pressure reduction, guaranteeing the dynamic response of the WPS.  In 

[17], active and passive fault-tolerant linear parameter-varying controllers, also discussed in [18], 

are formulated to compensate the non-linearities in the aerodynamic model or variations in the pitch 

system dynamics.  In [19] a model predictive control is implemented and a Kalman Filter is 

designed to estimate the system states and many fault parameters. In [20] the authors propose a 

fuzzy model reference adaptive control to overcome both model uncertainty and actuator fault in the 

generator/converter.  In [21] it is presented a fault tolerant observer which estimates the rotor, 

generator, and wind speed to overcome fault on the hydraulic system for the pitch control.  On the 

other hand for the electrical systems, fault tolerant can be achieved with different approaches 

considering the power level of the WPS and the type of the generator; nevertheless some 
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configurations already analyzed in Chapter 1 can be widely exploited, for example the use of 

redundant converter components or modified converter legs, are the most conventional approaches 

to implement a fault tolerant WPS [26], [27], [28].   

In [29] the authors propose a fault tolerant control strategy for a squirrel cage induction generator 

(SCIG) based WPS, against inter-turn fault on the stator windings, that can be generated by 

moisture in the isolation, overheating, vibrations but also by the PWM voltages at the winding 

terminal that can have very high dv/dt.  Fundamentally, a model predictive tracking controller is 

proposed to control the flux modulation preventing the fault propagation, without a strong 

degradation on the power delivered to the grid; although this is proposed for SCIG the method can 

be applied also for other types of generator, the block diagram of the control is reported in Figure 

3.4.   
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Figure 3.4 Control system of wind turbine with fault-tolerant control strategy. 

In [30] the authors analyze the back to back configuration for WPS; compared to the standard two 

level three-phase converters that are usually parallel connected to deliver high power and increasing 

also the reliability in case of fault of one module; they propose a back to back configuration realized 

by multi-level converter for high power applications, Figure 3.5, that can work directly on medium 

voltage; the most widely used topology is the three level (3L) neutral-point clamped (NPC).  This 

topology reaching a power rating up to 9MVA can be exploited for high power WPS, where just a 

single converter is enough to satisfy the power required.  The last power converter structure can be  

suitably modified even including additional legs in order to mitigate faulty situations.  
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Figure 3.5 Fault- tolerant back-to-back converter topology with redundant 3L-FC-based leg for NP voltage balancing in 
normal operation mode and for substitution of a faulty leg on generator or grid side in fault operation mode. 
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The effects of different faults for a direct drive PMSG WPS, with a back to back converter based on 

two level three-phase inverter are presented in [23].  The rms currents of the grid and of the PMSG, 

total waveform distortion (TWD) index, power factor, electromagnetic torque and global drive 

efficiency are presented in case of: single fault in the grid side converter, single fault in the 

generator side converter, single fault in both converters, double fault in the generator side converter 

and finally a single fault in the grid side converter together with a double fault in the PMSG side-

converter.  The results obtained lead to the conclusion that the faults in one converter do not 

influence the variables on the other converter side, and it has also been verified that a fault on the 

grid side converter has more negative effect than a fault on the generator side converter.  

In [24] the authors investigate the effects of faults on sensors employed in a PMSG based WPS.  A 

matrix converter controls the PMSG and delivers power to the grid.  As different sensors are used to 

measure currents and voltages to realize the control loop necessary to handle the system, erroneous 

information caused by a sensor failure leads to performance degradation and instability of the whole 

system.  The authors implement a fault tolerant control (FTC) defining also a fault detection and 

isolation (FDI) algorithm necessary to detect and isolate the faulty sensor.  The FDI algorithm is 

based on a neural network (NN) observer which takes into account the system non-linearity.  After 

suitable training, the NN observer provides the correct signal substituting that coming from the 

faulty sensor, as shown in Figure 3.6   
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Figure 3.6 Schematic diagram of FTC in VSWES with power regulation loop. 

More specific fault tolerant structures are presented for PMSG and DFIG rely on the hardware 

topology.  

The authors, in [31] present a fault-tolerant PMSG based WPS employing new direct control 

techniques.  For post fault operation a direct power control (DPC) of four-switch three-phase 

converter and direct torque control (DTC) for three-switch three-phase rectifier are proposed. 

Reconfigurations to handle only open-circuit faults are triggered by a reliable fault diagnostic 

method without requiring additional measurements.  The design of a fault tolerant drive has to 

consider a tradeoff between post-fault performance and cost increase. 
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Figure 3.7 Fault-tolerant converter topologies: a) under normal operating conditions; b) After fault occurrences in 
power switches R1 and I1. 

A different fault tolerant topology is obtained by including additional TRIACs which remain open 

under normal operating conditions, as shown in Figure 3.7 a) and they are used to reconfigure the 

circuit topology of the grid-side converter, in case of fault on this side; after the isolation of the 

faulty leg, the grid phase is connected through the triac to the dc bus middle point and the dc bus 

voltage reference has to be twice with respect to normal operations. 

For a fault on the generator side there is no need for hardware reconfiguration but only a software 

reconfiguration which fundamentally inhibits the control signals of the three upper or bottom power 

devices depending on where the faulty component is situated.  

Figure 3.7 b) shows the post fault topology when a fault occurs in both converters. 

For post fault operations the DPC is again used to control independently active and reactive powers 

by selecting the optimum voltage vector in a switching table that must be suitably modified; 

similarly also the switching table for DTC algorithm is modified to properly control the generator 

reducing the torque oscillation. 

The same authors in [32] present another fault tolerant PMSG based WPS also in this case able to 

handle power switch open-circuit, considering a different configuration system where also a 

transformer is included as shown in Figure 3.8 a).  

This topology requires three relays and one TRIAC for the fault isolation and converter 

reconfiguration in the grid-side converter.   

If a fault occurs on the grid side converter, the faulty leg is isolated and to properly control the 

transformer, the neutral point is connected to a PMSG phase hence the inverter leg is shared and 

used to create a closed path for the neutral current.  If the rated power is to be reached the shared leg 
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needs to be designed with a rated current four times higher than the other legs.  To avoid this 

oversizing the maximum power is reduced to 58% of the rated value that can be delivered to the 

grid. 
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Figure 3.8 Fault-tolerant converter topologies: a) under normal operating conditions (two SSTC); b) after a fault in 
I1 or I2 (five- leg converter); c) after a fault in R1, R3or R5 (TSTPR and SSTC). 

The post fault operation for the generator side is equal to that one presented in [31] and previously 

discussed, where only open switch faults are tolerated and the system is reconfigured as shown in 

Figure 3.8 b and c.  In this case a dc bus voltage twice as high with respect to normal operation is 

not required. 

The converter is not able to tolerate simultaneous open circuit faults in the two converter sides.  

It is not necessary to oversize any component hence the cost of the system does not increase if a 

reduction of the operating range during post fault operation is acceptable.  

In [33] the authors are proposing a fault tolerant PMSG based WPS similar to that one presented in 

[32] but in this case the main goal is the reduction of additional components to obtain a fault 

tolerant system, Figure 3.9 a).  Considering only the case of open-switch of the power converter, in 

case of fault on the grid side converter the faulty leg is isolated and the transformer is fed with the 

remaining two healthy phases and the neutral point is connected to the middle point of the capacitor 

bank through the additional TRIAC; fundamentally the post fault operation requires, due to this 

connection, the increasing of the dc link voltage.  A fault on the generator side is managed as 
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already discussed in [31] and [32].  With respect to [32] in this case a single fault in both converters 

is tolerated and Figure 3.9 b) shows the post fault configuration topology.  Different control 

strategies are presented for both control units to guarantee high performances also during post fault 

operations. 
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Figure 3.9 Fault-tolerant converter topologies: a) under normal operating conditions and b) after fault on R1 and I1. 

For DFIG fault tolerant topologies are presented in [34] and [35], in particular [34] proposes a back 

to back configuration with an additional leg as shown in Figure 3.10, defining the so-called 

redundant topology configuration, which in case of fault on the GSD or in the RSC can replace the 

damaged leg avoiding performance reduction during post fault operation.  Also this configuration 

can handle only a single fault in the GSC or in the RSC. 

S5

S3S1

S4 S6

S2

S5

S3S1

S4 S6

S2Ir1

I2
I3

Ir2
Ir3

I1C

C

LfLf
1

2
332

1

TR1

O

DFIG

TR2
TR3

TR1
TR2
TR3

Lf

Electrical 
Grid

Rf RfRf

Iga,Igb,Igc

f1 f2 f3

f4 f5 f6

f1 f2 f3’ ’ ’

f4’ f5’ f6’

’
’

’

S7

S8

RSC GSC

’

’

’

 

Figure 3.10 Fault tolerant WECS topology with DFIG. 

In [35] a FT converter topology without redundancy is proposed, as shown in Figure 3.11.  In this 

case when a fault occurs on the RSC or in the GSC the faulty leg is isolated. In particular, in case of 

an open switch fault, the control signal is disabled, while in case of short circuit in addition to the 



100 
 

control signal disabling, the fuses are activated to isolate physically the leg from the dc link; after 

this, the suitable TRIAC is activated and a leg of the RSC or of the GSD is shared, realizing a five 

leg converter.  In this case, for the post-fault operation, different control algorithms that the authors 

implement with five LUTs are required.  In post-fault operation to obtain the same power capability 

as in normal condition, the DC bus voltage level will depend on the slip of the DFIG.   
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Figure 3.11 Fault tolerant topology without redundancy. 

An alternative FT WPS based on PMSG, studied in this section [36] is presented in Figure 3.12: 

with respect to other FT WPS with similar arrangement, only to additional switches SW1 and SW2 

are required to reconfigure the system after a fault event occurs in a single leg of the two inverters 

or a single open phase in the generator or in the transformer. 

In normal operating conditions, when the system is healthy, these switches are turned off, working 

as an open circuit, to avoid flowing of zero sequence current; on the contrary, when a fault occurs, a 

fault detection algorithm is used to identify and isolate the damaged part similarly to the topologies 

analyzed in Chapter 1, and soon after SW1 and SW2 are turned on.  As already discussed, three 

phase drives can still work after a fault only with two phases if they are supplied by two 

independent currents suitably phase shifted.  In the latter case, the sum of these two currents will 

produce a neutral current that can flow through the path realized with SW1 and SW2, connecting 

the neutral point of the generator, the filter and the transformer.   
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Figure 3.12 Block diagram of the proposed FTWPS. 
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Figure 3.13 Schematic representation of the FTWPS operating with an open phase fault in the generator. 

 

Figure 3.13 highlights the post fault converter configuration when a fault affects the generator side, 

in this representation the LCL filter is omitted because it has a higher impedance and in the 

following it will be verified that all the neutral current flows through the transformer.  Moreover, 

the isolated leg is not reported.  The neutral current, indicated with “iog”, generated by the two 

healthy phases of the PMSG is flowing in the three-phase stator windings of the transformer; a 

similar configuration can be obtained if a fault occurs in the transformer side, in this case the neutral 

current will be indicated with “iotr”.   

Considering the case reported in Figure 3.13, the neutral current, iog, is considered as a zero 

sequence current from the transformer side and looking at the qd0 transformer model, the zero 

sequence circuit of primary and secondary are not mutually coupled, therefore, this additional 

current on the primary windings does not produce effect on the transformer control depending only 

on q and d axis and also iog does not induce any current on the secondary windings connected to 

the grid. 

In different transformer configurations a zero sequence current circulation could be possible [37] 

hence should be considered to avoid any undesired effect. 

Similar considerations can be made if a fault occurs on the transformer side and the neutral current 

iotr flows through the PMSG stator windings and in this case it does not affect torque and flux 

controls.  

The great benefit of this configuration is the capability of energy production in presence of fault and 

this is allowed with minimal additional hardware and inexpensive algorithm control that can be 

included on the DSP board together with the standard algorithm.  The fault tolerant control for the 

PMSG can be done as presented in [38] and reviewed in Chapter 1 without any other hardware 

modification; similar consideration can be made for the control of the transformer side where the 
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active and reactive power control, PQ control [8] can be performed modifying the reference frame 

transformations [39] of the inner current loop. 

 

3.2 Functionality and operating limits 

3.2.1 Wind Turbine Model 

When the wind meets the blades of the turbine its energy produces the rotation of the shaft at the 

speed wr(t), the power extractable from the wind depends on the wind speed, vw(t), the air density, 

, and the swept area, A.  The power effectively transferred from the swept area to the rotor 

transformed in real mechanical power, Pm is function of the power coefficient Cp((t),b(t)); this 

coefficient is function of the pitch angle b(t) and the tip speed ratio (t).  It can be noted that Pm is 

proportional to the cubic of the wind speed [9].   

Pm = 
1
2  A Cp((t),b(t)) v3

w(t) (3.2.1.1) 

Figure 3.14 represents a block diagram of a wind turbine [17]. 
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Figure 3.14 Block diagram of the wind turbine model. 

The pitch angle b(t) allows to change the area of the blade swept by the wind and it can be modified 

by electric or hydraulic systems; that can be modeled as second order system with its natural 

frequency wn and damping ratio  [18].  

..
b(t) = - 2wn

.
b(t) - w2

nb(t) + w2
nbref(t - td) (3.2.1.2) 

 

in this case td is used to model a time delay. 

Figure 3.15, shows the behavior of the power coefficient Cp((t),b(t)), while Figure 3.16 shows the 

captured wind power with respect to the turbine speed, as a function of the wind speed.  
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Figure 3.15 Representation of the power coefficient, Cp, [17]. 
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Figure 3.16 Power- Speed characteristics of a wind turbine. 

The tip speed ratio (t) is calculated dividing the speed of the turbine at the tip of a blade and the 

wind velocity vw(t).   

(t) = 
wr(t)R
vw(t)  (3.2.1.3) 

R is the turbine radius.  

The energy production is improved extracting the maximum power from the wind, thus 

implementing a maximum power point tracking (MPPT) algorithm like the ones described in [10], 

[11] where the optimal tip speed ratio opt is tracked as well as the maximum power coefficient 

Cp_max, defining equations:(3.2.1.4) and (3.2.1.5). 
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opt = 
wr_optR

vw
 (3.2.1.4) 

Pm_max = 
1
2  A Cp_max 






wr_optR

opt

3
 (3.2.1.5) 

 

It is obvious to consider that the maximum power (3.2.1.5) cannot be higher than the rated power of 

the generator.   

The rated power of the generator will be reached at the rated wind velocity, therefore for higher 

wind speeds the output power is limited to this edge by continuously modifying the pitch angle of 

the blades, causing a reduction of the power coefficient Cp, as shown in Figure 3.15.  Small speed 

transients can be accepted due to the slow dynamic of the pitch control system.   

If the wind speed increases too much, over a cut –off value, (vcut-off) the turbine is shut down to 

prevent structural damage, in addition, also if the wind speed is too low, under the cut-in value, 

(vcut-in) the turbine is turned-off because the power is too low.   

The aforementioned control strategies can be resumed with Figure 3.17: when the wind speed is 

between vcut-in and vrated the speed generator changes to extract the maximum power.  The 

optimal reference speed is calculated according to equation (3.2.1.5); this value is applied as input 

of a controller which provides the correct torque command or the relative stator current, in terms of 

“qd0” component, proportional to the electromagnetic torque provided by the generator; when the 

wind speed is between vrated and vcut-off , the generator power will be kept roughly constant at its 

rated value, thus the pitch angle will be adjusted to reduce the power extracted from the turbine.  

Before vcut-in or over vcut-off  the wind turbine is shut down for economic or safety reasons.  
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Figure 3.17 Control regions of the WPS. 
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Taking into account that usually the rated voltages and currents of the PMSG and transformer are 

comparable to avoid intermediate conversion stage, during fault operations the power capability of 

the whole system is clearly reduced, if a fault affects the PMSG or its relative converter, the drive 

will work only with two phases, a similar approach is adopted for the transformer and its converter.  

As already shown in Figure 3.13 where the PMSG operates with an open phase fault, the neutral 

current iog flows through the transformer and it is equally split in its primary windings.  The per 

phase amount of iog is identify with Itr and will affect the current capability of the transformer.  It 

is possible to quantify Itr assuming that the faulted generator is working at the rated current In and 

the currents flowing in the two healthy phases are 60° phase shifted, can be obtained: 

Itr = 
1
3 Iog = 

1
3 

-
In + 

-
In e 

j


3  = 
1
3 3In = 

1
3
 In ~= 0.58 In (3.2.1.6) 

 

where Iog is the amplitude of the neutral current iog.   

In this condition the maximum breaking torque produced by the generator is reduced to 58% Ten, 

as verified in [38].  The torque reduction will affect the operative wind speed range; in fact, 

considering the turbine aerodynamic equation, the torque produced by the turbine can be written 

exploiting (3.2.1.5), considering that the MPPT defines an optimum value of the tip speed ratio: 

T = 
1
2ACp 

R
opt

 v2
w (3.2.1.7) 

 

During the faulty operation the maximum torque is achieved at a reduced wind speed by a factor .  

0.58Tn
Tn

 = 

1
2ACp 

R
opt

 (vw)2

1
2ACp 

R
opt

 v2
w

→ 2 = 0.58 →  ~= 0.76 (3.2.1.8) 

 

Although the wind speed range is limited to 76% of the rated value this corresponds to the control 

region where statistically the WPS operate for the higher number of hours and extract a significant 

amount of energy.   

The total extracted power is obtained as: 

Pnfault=0.76wrmn 0.58Tn = 0.441Pn (3.2.1.9) 
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Another important issue regards the currents flowing in the primary windings of the transformer 

which can be overloaded under certain conditions.  The current of the transformer is related to the 

power delivered by the generator, considering that the voltage on the primary side of the 

transformer is imposed by the grid, it can be assumed that the power is related only to current 

variations, therefore 0.441Pn defines a transformer current of about 44%In considering the previous 

assumption that the PMSG and transformer have the same rated current, but it is necessary to add 

the term Itr due to iog, obtaining (3.2.1.10). 

Itr 
~= 0.44In + Itr = 1.02In (3.2.1.10) 

 

Equation (3.2.1.10) leads to a very small overload of the transformer only when the faulted PMSG 

deliver the rated power Pnfault this condition is not permanent hence this overload can be easily 

tolerated for short periods.   

These considerations can be extended if a fault occurs on the grid side system and the transformer 

primary side operates only with two phases.  Assuming that the same MMF with respect to normal 

operation, need to be generated on the transformer, the two healthy phase currents should be shifted 

by 60° and increased in amplitude by 3 this allows delivery to the grid of the same power as in 

normal conditions.  If the transformer cannot be overloaded the power delivered to the grid is 

reduced to 58% equivalent to (1/ 3) Pn, but the whole power of the WPS is affected also by the 

limitations induced to the PMSG.  In this case a neutral current iotr produced by the sum of the 

healthy phases of the transformer flows through the stator windings of the PMSG defining a 

quantity equal to Ig. 

Ig = 
1
3 Iotr = 

1
3 

-
Itr + 

-
Itr e 

j


3  = 
1
3
 Itr 

(3.2.1.11) 

 

The torque current component Ig is limited to: 

Ig = In - Ig (3.2.1.12) 

 

knowing that the electromagnetic torque is proportional to the torque current component, the 

following ratio can be written: 

T
Tn

 = 
Ig
In

 (3.2.1.13) 
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From the aerodynamic equation it is also true: 

T
Tn

 = 
v2

w

v2
wn

 = 
w

2
r

w
2
rn

 = 
Ig
In

 

(3.2.1.14) 
vw
vwn

 = 
wr

wrn
 = 

Ig
In

 

 

In terms of power: 

Pg
Pn

 = 
Tw

Tnwn
 = 

Ig
In

 
Ig
In

 = 






Ig

In

3
2 







Pg

Pn

2
3 = 

Ig
In

 

(3.2.1.15) 

 

Substituting equation (3.2.1.12) 







Pg

Pn

2
3 = 

Ig
In

 = 1 - 
Ig
In

 = 1 - 
Itr
3In

 (3.2.1.16) 

 

If the WPS is operating at unity power factor and assuming negligible the losses of the converters 

the equation (3.2.1.16) can be approximated in (3.2.1.17) 







Pg

Pn

2
3 = 1 - 

Ig
In

 = 1 - 
Ptr
Pn

 (3.2.1.17) 

 

Where  

Ptr = 3Vn
1
3
Itr = Vn Itr 

Pn = 3VnItr 
(3.2.1.18) 

 

At steady state Pg = Ptr = P, hence substituting in (3.2.1.17) 







P

Pn

2
3 = 1 - 

P
Pn

 (3.2.1.19) 
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The equation (3.2.1.19) is verified when P/Pn = 0.43 this relation defines a quite similar power 

reduction estimated in case of a single fault on the PMSG.   

To sum up, if a fault occurs on the generator side or on the grid side the WPS can deliver 43 % of 

its rated power to the AC grid. 

Another aspect needs to be considered: the neutral currents iog or iotr produced respectively when 

the PMSG or the transformer works only with two healthy phases, yields an additional voltage drop 

V which is related to the phase resistance and the leakage inductance of the healthy drive used as 

feedback current path, i. e. the parameters of the zero sequence circuit of the PMSG or the 

transformer model.  Although V does not affect the control of the system, will reduce the DC bus 

voltage dedicated to generate the fundamental voltage.  An experimental result carried out with the 

PMSG under an open phase fault shows that this voltage drop can reach 10% of the phase voltage 

of the transformer when the PMSG runs at high rotational speeds.  

V = - 
1
3 rptr iog - 

1
3 Llptr

d
dt iog   per phase voltage drop in case of PMSG fault (3.2.1.20) 

V = - 
1
3 rg iotr - 

1
3 Llg

d
dt iotr   per phase voltage drop in case of transformer fault (3.2.1.21) 

 

In addition, as discussed for fault tolerant MDS [40] also for this FT-WPS , during post fault 

operation, modulation techniques such as Space Vector Modulations (SVM) or S-PWM with third 

harmonic injection cannot be used because the neutral connection allows the circulation of large 

third harmonic currents, this drawback is overcome using a standard S-PWM in both inverters, 

leading to a further DC bus voltage utilization reduction equal to 15% compared to SVM.   

Although standard S-PWM is adopted, during a fault on the transformer, a quite small third 

harmonic current is presented on the generator depending on the rotational speed wrm, due to the 

MMF distribution.  This third harmonic current component can be balanced with a suitable third 

harmonic voltage, as will be shown with the experimental result, whose amplitude can be 10% of 

the fundamental voltage.  The maximum value of the phase voltage Vmax in both drives can be 

reduced up to 30% with respect to normal operative conditions. This drawback can be partially 

compensated increasing the reference voltage of the dc bus control loop performed by the grid side 

converter.   

However, these voltage drops, could be negligible, in case of fault of the PMSG because it will 

work at a lower speed than the nominal value hence also the phase voltage will be almost reduced, 

instead it must be considered that the drive connected to the grid requires full voltage DC bus 

capability.  
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3.2.2 Generator Side Converter Control 

A three phase fully controlled converter is applied to control the PMSM and to achieve a good 

dynamic behavior a vector control very similar to that implemented in Chapter 1, paragraph 1.2.2 

D, has been exploited for this fault tolerant system as shown on Figure 3.18.  The equations are 

reported in terms of qd0 variables and the qd0 reference frame that allows to achieve the vector 

control of the machine is that one rotating synchronously with the rotor magnet flux. 
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Figure 3.18 Block diagram for the fault tolerant control of the PMSG Converter. 

 

The equations are reported adopting the motor convention, for the generator convention the “ - ” 

sign needs to be considered for the current, in addition the machine model considered includes a 

rotor saliency hence a different q and d inductance values are indicated.  The electromagnetic torque 

consists of two contributions: a torque component provided only by the product between the 

permanent magnet and the stator current component i
r
qs, called “Excitation torque”, and the other 

component proportional to the difference (Ld - Lq) times i
r
dsi

r
qs, called “Reluctance torque”.   

In the simulation results shown after the d stator current component i
r
ds will be set to zero therefore 

the total torque is defined by the excitation torque component.  To improve the efficiency of the 

drive the i
r
ds value can be adjusted adopting the MTPA strategy, but at this moment this is not the 

goal of this study.   
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v

r
qs = Rg i

r
qs + p 

r
qs + wr 

r
ds

v
r
ds = Rg i

r
ds + p 

r
ds - wr 

r
qs


r
qs = Lq i

r
qs


r
ds = Ld i

r
ds + m

0s = Lls i0s

 (3.2.2.1) 

Te = 
3
2 

P
2 





m i
r
qs + (Ld - Lq) i

r
ds i

r
qs  

(3.2.2.2) 

Assuming i
r
ds=0 

Te = 
3
2 

P
2 





m i
r
qs   

The tuning of the current loop and the speed loop can be done according to the method reported in 

the Appendix. 

 

3.2.3 Grid Side Converter Control 

The grid side converter is controlled to keep constant the DC-link voltage [13] and at the same 

time to regulate the flows of active, P, and reactive, Q, power delivered to the grid.  The expression 

of these powers can be obtained applying the matrix transformation presented in Chapter 1, 

Paragraph 1.2.1 C, for healthy conditions, in an arbitrary rotating qd0 reference frame attaining 

(3.2.3.1): 

P = 
3
2 ( )VqIq + VdId       Q = 

3
2 ( )VqId - VdIq  (3.2.3.1) 

 

As the voltage amplitude is imposed by the grid, a decoupled control of P and Q can be achieved if 

the qd0 reference frame is rotating at the grid pulsation we and aligning the d-axis with the grid 

voltage, this condition is equivalent to set Vq=0.  Hence the active and reactive power will be 

proportional only to the q and d current components.   

P = 
3
2 VdId     Q = - 

3
2 VdIq (3.2.3.2) 

 

If we assume that the WPS delivers to the grid only active power, the current component Iq can be 

imposed to zero, in the following analysis inverter losses are neglected and only fundamental 

voltage harmonic is considered.  Equation (3.2.3.3) can be obtained from a power balancing:  
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VDC Is = 
3
2Vd Id (3.2.3.3) 

 

where Is is the DC bus current as shown in Figure 3.18 and Figure 3.19. 

Considering that the fundamental voltage can be expressed as function of the modulation index of 

the grid side converter, mg and the DC bus voltage, VDC as reported in (3.2.3.4). 

Vd = 
mg
2 2

Vdc (3.2.3.4) 

Is = 
3

4 2
 mg Id (3.2.3.5) 

 

Equations (3.2.3.3) - (3.2.3.5) demonstrate that the DC-link voltage can be controlled by Id, 

therefore the additional loop for the DC-link voltage is used to provide the d-axis current reference 

that control the active power.   

Figure 3.19 shows the control of the grid side converter including the transformation matrices for 

healthy and faulty operative conditions.  The transformation matrices Ke
s and (Ke

s)-1are adopted 

during normal operations, instead during a fault on the primary side of the transformer Ts
s, Te

s and 

(Ts
s)-1, (Ts

e)-1will be adopted, in this way the current loop structure is similar to that of Figure 1.34 

for IM.  The outer loop is used to control the DC bus voltage generating a d-axis reference current 

with a PI controller, while the q-axis reference current can be set directly to 0 or can be provided 

realizing a control loop on the reactive power Q.  
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Figure 3.19 Block diagram for the fault tolerant control of the Grid- side converter. 
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The correct synchronous reference frame can be determined estimating the grid voltage vector 

angle, by means of PLL. 

A. Modeling of the grid side circuit in phase variables 

The modeling of the grid side circuit has been made assuming that the system is healthy and 

balanced, thus the single phase equivalent circuit in phase variables can be adopted as shown in 

Figure 3.20.   

vainv(t)
Cf

Rf
Lf Rp Llp

Lm

Lls
’ Rs

’Lf

Vap pap pas
’

+ +
~ ~ 

iaL(t) iap(t)

vas(t)’

ias(t)’

icf(t)
iam(t)

Inverter
Voltage Filter

Equivalent Transformer
T-Model

Secondary voltage
Referred to the 
primary side

 
Figure 3.20 Single phase equivalent circuit relative to the phase “a” of the system: inverter, filter and  transformer. 

The equation in a complex form is:  

vabcinv = -Lf (p iabcL + p iabcp) + vabcp (3.2.3.6) 

 

(vabcinv)T = [ ]vainv vbinv vcinv        (vabcp)T = [ ]vap vbp vcp   

(iabcp)T = [ ]iap ibp icp        (iabcL)T = [ ]vaL vbL vcL  

Lf = 






Lf 0 0

0 Lf 0
0 0 Lf

 

 

vabcinv is the vector of the fundamental equivalent voltage generated by the inverter; 

vabcp is the vector of the voltage at the primary side of the transformer; 

iabcp is the vector of the currents flowing at the primary side of the transformer; 

iabcL is the vector of the currents flowing along the filter inductance matrix Lf; 

The model of the transformer is that one with the secondary parameters, indicated with the subscript 

“s”, referred to the primary side, indicated with the superscript “'”, defining the so called “T” 

model. 



vabcp = -rp iabcs + p abcp

v 'abcs = r 's i 'abcs + p  'abcs
 (3.2.3.7) 
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abcp

 'abcs
 = 









Lp L 'ps

(L 'ps)T L 's
 








-iabcp

i 'abcs
 (3.2.3.8) 

rp = 






Rp 0 0

0 Rp 0
0 0 Rp

     r 's = 






R's 0 0

0 R's 0
0 0 R's

        

Lp = 









Llp + Lm - 

1
2 Lm - 

1
2 Lm

- 
1
2 Lm Llp + Lm - 

1
2 Lm

- 
1
2 Lm - 

1
2 Lm Llp + Lm

  

L 's = 









L'ls + Lm - 

1
2 Lm - 

1
2 Lm

- 
1
2 Lm L'ls + Lm - 

1
2 Lm

- 
1
2 Lm - 

1
2 Lm L'ls + Lm

  

L 'ps = 









Lm - 

1
2 Lm - 

1
2 Lm

- 
1
2 Lm Lm - 

1
2 Lm

- 
1
2 Lm - 

1
2 Lm Lm

  

 

 

B. Modeling of the grid side circuit in the qd0 reference frame 

Applying the transformation matrix Kx and K-1
x , below reported for simplicity, from the equations 

(3.2.3.6) can be obtained equation (3.2.3.9).  For the decoupled control of the power it is assumed 

that the qd0 reference frame is synchronously rotating with the grid voltage, x = q - qx = qe. 

 

Kx = 
2
3 









cosx cos









x - 
2

3 cos








x + 
2

3

sinx sin








x - 
2

3 sin








x + 
2

3

1
2

1
2

1
2
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K
-1
x  = 











cosx sinx 1

cos








x - 
2

3 sin








x - 
2

3 1

cos








x + 
2

3 sin








x + 
2

3 1

  

 

 

The vector “vqd0p” represents the voltages at the transformer terminals connected to the filter and 

is obtained applying Kx and K-1
x  at the transformer equations (3.2.3.7) and (3.2.3.8), achieving 

(3.2.3.10) and (3.2.3.11). 

 

The inductance matrices: Lpqd0, L 'psqd0, (L 'psqd0)T and L 'sqd0) are expressed as below reported: 

vqd0inv = -Lf (p iqd0L + Wr iqd0L+ p iqd0p + Wr iqd0p) + vqd0p (3.2.3.9) 

  

(vqd0inv)T = [ ]vqinv vdinv v0inv       (vqd0p)T = [ ]vqp vdp v0p   

(iqd0L)T = [ ]iqL idL i0L      (iqd0p)T = [ ]iqL idL i0L   

Wr = 






0 we 0

-we 0 0
0 0 0

  



vqd0p = -rp iqd0p + p qd0p + Wr qd0p

v 'qd0s = r 's i 'qd0s + p  'qd0s + Wr  'qd0s
 (3.2.3.10) 









qd0p

 'qd0s
 = 









Lpqd0 L 'psqd0

(L 'psqd0)T L 'sqd0
 








-iqd0p

i 'qd0s
 (3.2.3.11) 

Lpqd0 = 









Llp+LM 0 0

0 Llp+LM 0

0 0 Llp

  

L 'psqd0 = (L 'psqd0)T = 









LM 0 0

0 LM 0

0 0 0
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Taking in to account the equation (3.2.3.9) and substituting the equations of the transformer 

(3.2.3.10) can be obtained (3.2.3.12): 

 

Substituting also the expression of the derivative of the flux in terms of currents and remembering 

that the zero sequence components of the electrical variables are steadily zero because we are 

assuming to operate with balanced systems, the last equations can be omitted from the following 

expressions: 

 

Solving respectively for p iqp and p idp, the final expression are: 

The controller tuning is performed considering the perfect decoupling of all the terms in order to 

obtain a classical first order RL circuit, as shown with Figure 3.21 and Figure 3.22, where the 

equations (3.2.3.15) and(3.2.3.16) are expressed in Laplace domain considering the initial 

conditions set to 0. 

L 'sqd0 = 









L'ls+LM 0 0

0 L'ls+LM 0

0 0 L'ls

 

LM = 
3
2Lm  

vqd0inv = -Lf (p iqd0L + Wr iqd0L+ p iqd0p + Wr iqd0p) -rp iqd0p +  

                        + p qd0p + Wr qd0p 
(3.2.3.12) 

vqinv = -Lf (p iqL + we idL+ p iqp + we idp) -Rp iqp - Lp p iqp +  

                        + LM p iqs + we dp  
(3.2.3.13) 

vdinv = -Lf (p idL - we iqL+ p idp - we iqp) -Rp idp - Lp p idp +  

                         + LM p ids - we qp 
(3.2.3.14) 

(Lf + Lp)piqp = - vqinv - Rpiqp - Lf p iqL - Lf we idL - Lf we idp +  

                                     + we dp + LM p iqs 
(3.2.3.15) 

(Lf + Lp)pidp = - vdinv - Rpidp - Lf p idL + Lf we iqL + Lf we iqp +  

                                    - we qp + LM p ids 
(3.2.3.16) 
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Figure 3.21 Block diagram for the representation of equation(3.2.3.15) and (3.2.3.16) in complex notation. 
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Kp + s

Ki+
-

iqdp
*

 
Figure 3.22 Equivalent representation of Figure 3.21 considering a perfect decoupling of cross-coupled terms. 

From Figure 3.22 the closed loop transfer function of the system can easily be obtained and 

determine the value of Kp and Ki.  

 

P1 and P2 are the poles associated to the desired frequency P1=2f1 and P2=2f2 usually can be set 

f2 = (5÷10) f1. 

For a more precise tuning process it is important to consider that the entire system is simulated in a 

discrete domain and implemented using digital controllers, hence the model should be referred in 

the Z domain; in addition, also the inverter has to be included in the model and could be seen as a 

“Latch” interface [41].   

 

 

C. LCL Filter Design 

The design of the line filter considered in the configuration reported in Figure 3.19, results almost 

complex including also the transformer, that is the “load” of the filter on the transfer function. 

Hence, a simplified transfer function of the filter considered at no load has been used to design 

Lf, Cf and Rf  

Kp = (Lf+Lp)(P1 + P2)-Rp (3.2.3.17) 

Ki = (Lf+Lp)P1P2 (3.2.3.18) 

Vap
Vainv

 = 
sCf Rf + 1

s2 Cf Lf + s Cf Rf+1
 (3.2.3.19) 
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Solving the denominator of the transfer function by imposing the desired poles, functions of the cut-

off frequencies, f1f and f2f, we obtain: 

 

With Cf = 4.7F and P1f = 2  f1f and P2f = 2  f2f with f1f = 300 and f2f = 3000 are obtained: 

Lf = 6mH; Rf = 124  

 

D. Modeling of the grid side circuit with an open phase fault in phase and qd0 variables 

When a fault occurs on a phase or an inverter leg it will be isolated hence the converter, the filter 

and the transformer will work only with two phases.  The equation (3.2.3.6) that describes the 

healthy system will be modified as reported in (3.2.3.20) in a complex form. 

vijinv = -Lff (p iijL + p iijp) + vijp (3.2.3.20) 

 

(vijinv)T = [ ]viinv vjinv        (vijp)T = [ ]vip vjp   

(iijp)T = [ ]iip ijp        (iijL)T = [ ]viL vjL  

Lff = 






Lf 0

0 Lf
 

 

(i, j) = 


 b,c fault primary side phase a

a,c fault primary side phase b

a,b fault primary side phase c
  

For the transformer, also in this case, all the quantities indicated with the subscript “p” are of the 

primary side while that one indicated with the subscript “s” are of the secondary side.  

For simplicity, for equations (3.2.3.21) and (3.2.3.22) it is assumed that the currents go in the 

primary and secondary side of the transformer, setting the positive sign.  

Lf = 
1

P1f P2f Cf
 

Rf = (P1f + P2f)Lf 
 



 vijp = rpf iijp + p ijp

v 'abcs = r 's i 'abcs + p  'abcs
 (3.2.3.21) 









ijp

 'abcs
 = 









Lpf L 'psf

(L 'psf)T L 's
 








iijp

i 'abcs
 (3.2.3.22) 
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The secondary side variables have been referred to the primary side, this is indicated with the 

superscript “'”. 

The inductance matrix L 's is not changing because the secondary side is healthy. 

The qd0 model is obtained following the same approach discussed in Chapter 1, Paragraph 1.2.1 E. 

adopting the convention fd+jfq.   

The qd0 transformation of equation (3.2.3.20) is almost simple since it does not contain cross-

coupled terms and can be written as follow, on a stationary reference frame with the matrix T
s
s: 

v
s
dqinv = -T

s
sLff [p ((T

s
s)

-1
 i

s
dqL) + p ((T

s
s)

-1
 i

s
dqp))] + T

s
s (T

s
s)

-1
v

s
dqp (3.2.3.24) 

 

The transformation matrix T
s
s is obtained from a set of eigenvectors associated to the eigenvalues of 

the matrix Lpf  keeping out the leakage inductance. 

For fault of phase a and c: 

rpf = Rp 






1 0

0 1
  

Lpf = 









Llp + Lm - 

1
2 Lm

- 
1
2 Lm Llp + Lm

  

L 'psf = Lm 






cos(a) cos(b) cos()

cos() cos() cos()
  

(ab)

()
= 











2

3 , , 
2

3

 
2

3 ,
2

3 ,
 fault primary side phase a

,
2

3 ,
2

3

2

3 , 
2

3 ,
 fault primary side phase b

,
2

3 ,
2

3

2

3 ,,
2

3

 fault primary side phase c

 (3.2.3.23) 
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For fault of phase b: 

Equation (3.2.3.24) since T
s
s contains constant terms, becomes: 

v
s
dqinv = -T

s
sLff (T

s
s)

-1
 (p i

s
dqL + p i

s
dqp) + v

s
dqp (3.2.3.27) 

T
s
s Lff (T

s
s)

-1
 = Lf 







1 0

0 1
 = Lff  

Now the attention is given to the modeling of the transformer, where the primary side equations will 

be transformed with T
s
s while the secondary side equations, since they describe a balanced three- 

phase system, will be transformed with the standard transformation matrix K
s
s. 

The constant gain 
2
3 allows to have a so called “power invariant” transformation. 

T
s
s = 

2
2  







1 -1

1 1
 

(T
s
s)

-1
 = 

2
2  







1 1

-1 1
 

(3.2.3.25) 

T
s
s = (T

s
s)

-1
 = 

2
2  







-1 1

1 1
 (3.2.3.26) 

K
s
s = 

2
3 











1 - 

1
2 - 

1
2

0
3

2 - 
3

2

1
2

1
2

1
2

 

 

(K
s
s)

-1
 = 

2
3 











1 0

1
2

- 
1
2

3
2

1
2

- 
1
2 - 

3
2

1
2

 

(3.2.3.28) 
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The equations (3.2.3.29) and (3.2.3.30) are below verified neglecting the 0-axis, that could be 

included for the secondary side: 



v

s
dqp = T

s
s rpf (T

s
s)

-1
i
s
dqp + T

s
s p 



(T

s
s)

-1


s
dqp

v's1
dqs = K

s
s r 's (K

s
s)

-1
i'
s1
dqs + K

s
s p 



(K

s
s)

-1
's1

dqs

 (3.2.3.29) 









s
dqp

's1
dqs

 = 






T

s
sLpf(T

s
s)

-1
T

s
sL 'psf (K

s
s)

-1

K
s
s (L 'psf)T (T

s
s)

-1
K

s
s L 's (K

s
s)

-1
 






i

s
dqp

i'
s1
d qs

 (3.2.3.30) 

T
s
s rpf (T

s
s)

-1
 = Rp 







1 0

0 1
 = rpf   

T
s
s p 



(T

s
s)

-1


s
dqs  = p 

s
dqs   

K
s
s r 's (K

s
s)

-1
 = R 's 







1 0

0 1
 = r 's   

K
s
s p 



(K

s
s)

-1
 'rdqs  = p  'rdqs 

Lpp = T
s
s Lpf (T

s
s)

-1
 = 







Llp + 

3
2Lm 0

0 Llp + 
1
2Lm

 
  

Lpsf = T
s
s L 'psf (K

s
s)

-1
 = 









0

3
2Lm

- 
3

2 Lm 0
 

K
s
s (L 'psf)T (T

s
s)

-1
 = (Lpsf)

T 

fault on phase a  

Lpsf = T
s
s L 'psf (K

s
s)

-1
 = 









-

3 3
4 Lm - 

3
4Lm

3
4 Lm - 

3
4Lm

  

K
s
s (L 'psf)T (T

s
s)

-1
 = (Lpsf)

T 

fault on phase b  

Lpsf = T
s
s L 'psf (K

s
s)

-1
 = 









3 3

4 Lm - 
3
4Lm

3
4 Lm

3
4Lm

  fault on phase c  
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Then, the secondary side variables refer to the stationary reference frame of the primary side by 

exploiting the following K
p
s matrix, because the matrices Lpsf are not diagonals: 

 

 

 

K
s
s (L 'psf)T (T

s
s)

-1
 = (Lpsf)

T 

Lss = K
s
s L 's (K

s
s)

-1
 = 







Lls + 

3
2Lm 0

0 Lls + 
3
2Lm

   

v 'sdqs = Kp
s v's1

dqs 
 

i 'sdqs = Kp
s i'

s1
dqs 

K
p
s = 







cos(a) - sin(a)

sin(a) cos(a)
 

(3.2.3.31) 

(K
p
s)

-1
 = 







cos(a) sin(a)

- sin(a) cos(a)
 

a = 
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To sum up, the final model on a dq stationary frame is reported below in scalar form 

 

The aforementioned model looks like that one presented for IM under an open phase fault in 

Chapter 1. 

The independent control of active and reactive power can be obtained also when the transformer 

works under unbalanced conditions, hence also in this case if the d-axis is aligned with the grid 
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voltage, it is possible to realize a decoupled control of P and Q.  The rotation matrix to transform 

the primary side current components, i
s
dqp from the stationary frame to the rotating frame 

synchronous with the grid voltage and vice versa are reported in (3.2.3.37) and (3.2.3.38). 

 

 

At the end of this procedure, a representation similar to that of Figure 3.21 can be obtained, hence 

the same approach for the tuning of the current regulators can be followed considering the modeling 

process just proposed.  

 

3.3 Simulation and experimental results 

Simulations results of the proposed FT-WPS are presented in this section; the system simulated is 

composed of a 3kW three-phase PMSG, a 5kVA three-phase transformer with voltage ratio equal to 

220V/380V and a capacitor bank of 3mF.  The two electrical machines are the same as that used for 

the experimental test and their parameters are reported in Table 3.1 and Table 3.2.  

 
Table 3.1 Generator Parameters. 

Number of phases 3 Rated Current 6.4A 

Pole Pairs 3 Rg 2.1Ω 

Rated Voltage 345V Lq  0.045H 

Max Speed 3000rpm Ld 0.028H 

BEMF 84V/krpm J 0.00105kgm2 

iedqp = Ke
s isdqp 

(isdqp)-1 = (Ke
s)-1 iedqp 
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Table 3.2 Transformer Parameters. 

Number of phases 3 Rp  0.71Ω 

Rated power 5000VA R’
s 0.5Ω 

Rated primary voltage 220V Llp=L’
ls 0.00113H 

Rated secondary voltage 380V Lm 1.8H 

 

Figure 3.23 and Figure 3.24 show the behavior of the whole system in case of normal operative 

conditions, i.e. all components are healthy.  In addition, the SVM with a switching frequency of 

10kHz is used for both the Generator side and Grid side converters, the additional switches are kept 

open and the neutral point of the stator windings of PMSG, transformer and of the filter are isolated.  

The sample frequency of the simulation is set to 1MHz. 

Figure 3.23 shows the dynamic performances of the Generator Side system where the PMSG is 

controlled as indicated in Figure 3.18, the inner current loop has been tuned for 400Hz while the 

speed outer loop for 10Hz; at the beginning, because the capacitor bank has an initial voltage of 

800V, the PMSG starts following a speed ramp profile from stand-still to 20rad/s at no load 

working as a motor, at 0.1s a torque step of -5Nm, 25% of the rated torque, is applied and the 

PMSG starts to work as a generator delivering power to the grid.  The load step is then followed by 

a speed step at 0.2s from 20 to 100 rad/s and at the end of the simulation another torque step equal 

to -10Nm, 50% of the rated torque, is applied. The previous speed and torque command are used to 

evaluate the performances of the PMSG and as expected it is possible to note the decoupled control 

of the qd axis current components, leading to decoupled torque and flux controls; in this case the 

flux current component, is set to 0 and the air-gap flux is primarily provided by the permanent 

magnet. 
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Figure 3.23 Performance evaluation of the PMSG control in healthy condition. 

Figure 3.24 shows the Grid side system behavior during the PMSG operative condition of Figure 

3.23; the grid side converter is controlled as shown in Figure 3.19, hence the dc bus voltage is kept 

constant at 800V thanks to the voltage loop exploited also to deliver the active power to the grid, 

using the d-axis current, while the q-axis current is directly set to zero although it can be used with 

an additional control loop to control the reactive power.   

The phase currents are measured after the LCL filter at the primary side of the transformer and in 

addition, also the secondary currents are shown in this figure and their transient behavior is due to 

the direct connection to an ideal-three phase grid.  
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Figure 3.24 Performance evaluation of the Grid Side system control. 
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Figure 3.25 and Figure 3.26 show the results obtained with the PMSG working with a fault on the 

phase c; the neutral point of the PMSG stator windings is connected directly to the neutral point of 

the primary windings of the transformer and the neutral point of the filter.  Figure 3.25 shows the 

rotor speed, the electromagnetic torque, the d-axis current component and the phase currents, one of 

these, IcPMSM=0 while the other two are shifted by 60°. 

Figure 3.26 shows the voltage on the dc-link capacitor bank that is kept constant at the required 

value, the phase currents at the primary side of the transformer that are modulated by the neutral 

current produced by the faulty PMSG, and the currents at the secondary side of the transformer that 

are not influenced by Iog; this last one is also shown together with the neutral current flowing on 

the filter, Iofilter, and on the transformer, Iotr.  As before discussed, the impedance of the 

transformer is lower than that one of the filter, hence all the neutral current Iog is flowing through 

the transformer windings.   
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Figure 3.25 Performance evaluation of the PMSG control under phase c fault. 
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Figure 3.26 Performance evaluation of the Grid side system under phase c fault on the PMSM. 
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After these numerical simulations, some experiments have been conducted with the system setup 

shown in Figure 3.27, consisting of two back to back connected three-phase inverters supplied by a 

common DC bus limited to 300V.  For some tests an external DC bus has been used.  The fault 

tolerant control algorithms for the PMSG as well as for the transformer side converters have been 

implemented on a single DSP board. 
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Figure 3.27 Block diagram of the experimental setup. 

 

The modulation strategy is the S-PWM to avoid additional third harmonic components circulation 

due to the connection of the generator, transformer and LCL filter neutral points .  For the following 

tests the secondary side of the transformer is connected to a variable resistive load. 

The test reported in Figure 3.28 has been conducted to verify the presence of a third harmonic 

current due to the connection of the neutral points although the PMSG was healthy, while the 

transformer converter was modulating at 0.5.  The PMSG works without load to emphasize the 

distortion of the phase currents as shown in Figure 3.28 a), while Figure 3.28 b) shows the benefit 

obtained thanks to the compensation of the third harmonic current.  The compensation has been 

performed summing a suitable zero sequence voltage to the voltage reference provided by the 

vector control, PI current regulators; Figure 3.29 shows the ratio between the third harmonic voltage 

V3 required for the compensation and the fundamental voltage V1 at different rotational speed; in 

addition, also the phase of V3 is reported, this test has been performed also at different load 

conditions obtaining almost similar results to that one here shown in case of maximum load.  It can 

be observed from Figure 3.29 a) that at high rotational speed the amplitude of the additional voltage 

is about 10% of the fundamental one.   
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Figure 3.28 Steady state tests with wrm=30 rad/s: phase currents, iog and rotational speed ripple in the PMSG without 
a) and with b) third harmonic compensation. 
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a) b) 

Figure 3.29 Steady state tests: a)amplitude ratio V3/V1 and b) phase shift of the third harmonic compensation voltages. 

Figure 3.30 is carried out with the PMSG operating with phase c fault, running at 50 rad/s with 50% 

of the rated load, while the transformer is fed on the primary side with a fundamental line to line 

voltage VLL = 135V and frequency  corresponding to the rated magnetizing flux and the secondary 

side is connected to a symmetrical resistive load of 20Ω.  The waveforms shown represent the 

neutral currents that are flowing from the faulty generator to the transformer and the filter; as 

expected and already seen in simulation, the filter impedance is higher than that one of the 

transformer hence almost all the neutral current is flowing on the transformer windings.  The effect 

of the neutral current on the transformer is verified with the results reported in Figure 3.31, as 
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already known, and proved for a MDS, this current affects only the zero sequence circuit and 

because the primary and the secondary transformer zero sequence circuits are not coupled, the 

secondary side will be not affected by this current.  For this test the PMSG is running at 30 rad/s 

and the external power supply is used to keep constant the DC bus voltage at 300V while the 

transformer is supplied at zero voltage setting a modulation index of 0.5.   

20 ms

5A

5A

500mA

i0g

i0tr

i0f

il

 
Figure 3.30 Steady state test with the generator operating under an open phase: comparison of the zero sequence 
crurrent flowing through the transformer iotr and filter iof. 

20 ms
vabstr

10V

iaptr

500 mA

iastr

20 mA

 
Figure 3.31 Steady state test with the generator operating under an open phase fault: transformer phase current at the 
primary winding iaptr, phase current iastr and phase-to-phase voltage vabstr at the secondary winding.  

 

Figure 3.32 shows a speed transient test of the faulted PMSG from -30 rad/s to 30 rad/s at 50% of 

the rated load while the transformer is supplied by the inverter with a modulation index of 0.5.  

Although a wind turbine probably never performs a speed transient from negative to positive speed 

with this dynamic, this test is presented to validate the performance of the faulty drive affected by a 

torque capability reduction due to the fault, and also in this case the variation of iog produces 

negligible effect on the secondary windings of the transformer.   
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Figure 3.32 Speed transient wrm = [- 30 rad/s to 30 rad/s] in the PMSG, performed at 50% of rated load, with the 
generator operating under an open phase fault wihile the transformer is healthy operating. 

 

The following experimental results are obtained with the transformer affected by an open phase on 

the primary side, in particular the c phase is kept open, while the PMSG is healthy and controlled 

with a standard VC.  The neutral points are always connected together as already done for the 

previous tests. 

Figure 3.33. and Figure 3.34 are obtained with the faulty transformer operating at 50% of the rated 

power and rated flux, Figure 3.33 shows the healthy phase currents iaptr and ibptr on the primary 

side and line to line voltages vabstr and vbcstr on the secondary side; the PMSG is running at 70 

rad/s.  The fault tolerant control algorithm applied for the transformer maintains the two primary 

currents shifted by 60° while the line to line voltage at secondary windings are still shifted by 120° 

as in case of healthy conditions. 
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Figure 3.33 Steady state test with transformer operating in faulty conditions, at 50% of the rated load: Line to line 
voltages vabstr, vbcstr at the secondary windings and phase currents iaptr, ibptr at the primary windings. 

Figure 3.34 is carried out with the PMSG running at 70 rad/s at 50% of the rated torque, the neutral 

current produced by the faulty transformer iotr is flowing in the PMSG stator windings and as can 

be seen from Figure 3.34 a) it is modulating the PMSG phase currents but this does not affect the 

control of the generator as can be seen from the negligible speed ripple.  Figure 3.34 b) shows the 

line to line voltage vabptr of the primary windings and the three-phase currents iastr, ibstr and icstr 

measured at the secondary side; they are slightly distorted due to an imperfect third harmonic 

compensation.   
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Figure 3.34 Steady state test with transformer operating under an open phase and with the healthy generator working at 
50% of rated load.  
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Figure 3.35 Load transient with transformer operating under open phase fault: rotational speed, torque current 
component iqg, phase currents of PMSG iag and ibg a); DC bus voltage, iotr, phase currents iastr and ibstr b). 

Figure 3.35 shows the system dynamic when a load transient from 10% to 80% of the rated torque 

is applied to the healthy PMSG. In this case an external 5kW PMSM works as prime mover and it is 

speed controlled setting a velocity of 50 rad/s, while the PQ control maintains the DC bus at 300V.  

Figure 3.35 a) depicts the rotational speed, the torque current component iqg and the phase currents 

iag and ibg of the generator, while Figure 3.35 b) displays the dc bus voltage, the neutral current 

iotr and the phase currents iastr and ibstr of the secondary windings of the transformer.  The 

generator phase currents are, also in this case, modulated by iotr without generate interference with 

the control of the whole system.  

The last test highlights the effects on the phase voltage of the healthy transformer due to the neutral 

current iog produced when the PMSG is faulty.  This current creates a voltage drop V related to 

the phase resistance and the leakage inductance of the equivalent zero sequence circuit of the 

transformer primary windings.  Figure 3.36 a) shows the amplitude of the fundamental voltage 

Vaptr and the voltage drop V, when the faulty generator is working at different speeds, and the 

healthy transformer is working at 30Hz.  Figure 3.36 b) shows the amplitude of the phase voltage 

Vaptr and the common mode voltage VNn measured between the neutral point of the transformer 
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and the negative rail of the DC bus.  This test verifies that the zero sequence current has a very low 

impact on the dc bus voltage utilization by the healthy drive, primarily dedicated to generate the 

fundamental voltage required by its control.   
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a) b) 

Figure 3.36 Harmonic spectrum of the phase voltage in the transformer and harmonic spectrum of VnN: PMSG is 
controlled at different rotational speeds wrm = 20÷80 rad/s, while the transformer is operating at fe = 30Hz and 
Vab_rms = 135 V. 

 

3.4 Conclusions. 

The content of this chapter has been pointed out on the application of a fault tolerant control 

strategy for a wind power system.  The cooperation among the drives, which constitute the system, 

is exploited in case of fault of one of them.  In this FT-WPS, where there are two three-phase 

drives, when a fault occurs in the generator side or in the transformer side, it can be isolated and the 

faulty unit can still operate with an open phase and the healthy one is exploited as feedback current 

path necessary to control properly the faulty drive.  The proposed FT-WPS requires a very limited 

number of additional components and a simple post fault reconfiguration, in addition only a suitable 

selection of matrix transformation set ensures the vector control in every case of fault of the 

generator or the transformer, without other changes in the control loops.  Simulations and 

experimental results have confirmed the theoretical analysis.  
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Chapter 4 Current sharing strategies for Fault Tolerant 
AC Multi-Drive System 
Previous chapters have shown that fault of one drive can be supported by the healthy ones realizing 

a sort of cooperative control, and post fault operations are possible without severe performance 

losses.  In case of one or more faults occurring to the three-phase drives composing the MDS, the 

faulty units can still work using only two phases because they exploit the closed path for the neutral 

current provided by the healthy drives, without introducing additional components.  The aim of 

Chapter 4 is to analyze some viable solutions of sharing the neutral current outgoing from the faulty 

units among the healthy drives. Three different methods will be examined and validated by 

simulations and experimental tests. 

 

4.1 Current sharing control strategies 

The FT-MDS considered for this analysis is presented in Figure 4.1, as already seen in Chapter 1, 

where a common DC link supplies “n” VSIs controlling independently “n” ac machines.  Although 

in the following analysis we are considering IM drives, it can be easily extended to synchronous 

motor drives.  Additional switches SW1,… SWn are kept off working as open circuit during normal 

operation while in case of fault affecting one or more motor drives, they are turned on, connecting 

the stator winding neutral point of the faulty units with the neutral points of some or all of the 

healthy drive stator windings.   

 
Figure 4.1 Fault tolerant Multi-drive topology. 
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Figure 4.2 Post fault configuration of the MDS.  

Figure 4.2 displays the post-fault configuration in case of fault on drive M1, the neutral current io1 

flows through all the n-1 healthy drives. 

Hereafter, the analysis is focused on defining some control strategies devoted to the sharing of the 

neutral currents produced by the faulty units among the healthy drives.  This choice can have 

significant impact on the performance and continuity of service of the application. 

 

The First analyzed current sharing method consists in allowing that io1, the neutral current 

produced by the faulty drives is naturally split among the healthy machines.   

As highlighted in the previous Chapters, the neutral current of the faulty machine affects only the 

zero sequence circuit of the healthy machine, thus the current ioj, of the j-th healthy drive, can be 

simply expressed using the current divider rule. 

-
Ioj = 

1
3 Io1







1/

-
Zj

1/
-
Z1 + 1/

-
Z2+… 1/

-
Zj+… 1/

-
Zn

 (4.1.1) 

 

Zj is the zero-sequence axis phase impedance of the machine IMj consisting of the stator resistance 

rsj and the stator leakage inductance Llsj, while Io1 is the amplitude of io1. 

According to (4.1.1) it can be noted that induction machines with high power have a smaller phase 

impedance than machines with low power, as is shown on Figure 4.3, thus a significant amount of 

the neutral current io1 will flow on the machine with the smallest phase impedance.   

Although this method is very simple and does not require any kind of control, the neutral current 

could yield to overcurrents in the healthy machines when they operate at rated current; hence, the 

following sharing methods investigate the possibility to impose ioj in each healthy unit, avoiding 

any drawback related to uncontrolled sharing current. 
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Figure 4.3 Per-phase impedance versus motor rated power. 

 

The Second current sharing method overcomes the problem of possible overcurrent exploiting an 

additional zero-sequence closed loop current control in each healthy drive.  Figure 4.4 shows the 

block diagram of the proposed technique.   

 
Figure 4.4 Additional zero-sequence control loops. 

The feedback current ioj is obtained summing together and dividing by three the actual phase 

currents of each healthy drive, while the zero sequence reference currents, ioj_ref, are obtained 
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applying to io1 a suitable sharing factor kj.  The current controller output is the zero sequence 

voltage voj_ref which is superimposed on the voltage reference provided by the drive control 

system. 

The sharing factor kj is calculated considering the rated current and the operating condition of 

healthy drives.  In case of a single open phase fault the flow chart of Figure 4.5 provides a possible 

calculation procedure of kj .  The main objective of this process is to assign a small sharing factor to 

drives that are operating under high loads, thus with current amplitudes close to the rated values.  In 

practice, initially a load factor i, defined as the ratio between the actual current amplitude Ij and 

the rated current Inj is calculated for each healthy drive.  Then, if the load factor of one or more 

healthy drives is lower than one, sharing factors are obtained according to the equation (4.1.2). 

|Ii|
Ini

i=
i=1,2,..,m,..,j,n-1

Fault=1

T

F

Fault 
detection

START

 



 1n

1i jn 
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njj
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Figure 4.5 Flowchart used in the second and third current-sharing methods. 

kj = 
(1-j)Inj


i

n-1
 [(1-j)Ini]

 
(4.1.2) 
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Otherwise, if all the healthy drives have a load factor equal or higher than 1 the sharing factor is 

computed according to (4.1.3), which takes into account the overload capability of each healthy 

drive and will be proportional to the rated current. 

kj = 
Inj


i

n-1
 Ini

 
(4.1.3) 

Both previous cases have to respect the condition (4.1.4). 


i

n-1
 ki = 1 (4.1.4) 

A representation of the sharing factor kj is provided with Figure 4.6; it is obtained considering a 

MDS with three IM, whose parameters are reported in Table 4.1.  For this test IM1 operates under a 

single open phase fault, and the load factors of IM2 and IM3are always lower than one and suitably 

modified to compute the sharing factor k2 and k3.  The latter underlines a non-linear behavior as 

can be clearly seen from the waveforms.   

 
Table 4.1 Technical specification of the considered induction motors. 

Motor Specifications IM1, IM2, IM4 IM3 

Rated Power [kW] 1.1 3 

Rated Voltage [V] 400 400 

Rated frequency [Hz] 50 50 

Rated speed [rpm] 1440 1430 

Rated current [A] 3 6.9 

Rs, Rr [] 8, 7.1 2, 1.66 

Lls, Llr [H] 0.0234, 0.0234 0.0105, 0.0105 

Lms [H] 0.534 0.171 

Rotor Inertia [Kgm2] 0.0089 0.014 
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Figure 4.6 Sharing coefficient k2 and k3 computed at different 2 and 3. 

The last current sharing method indicated as Third current sharing method, is a tradeoff among 

the previous two.  It allows to avoid overcurrents in healthy drives due to the flow of io1 and does 

not require additional control loop, because the controller in this case is model-based, hence the 

reference voltage voj_ref to generate the desired ioj is computed considering the equation of the 

zero sequence circuit on the base of the sharing factors previously defined, the equation (4.1.6) is 

obtained: 

ioj = kj
io1
3  

(4.1.5) 

 

voj_ref = r̂sj ioj + L̂lsj
d ioj

dt  (4.1.6) 

with ioj calculated with (4.1.5). 

Compared to the second current sharing method, this one does not suffer the regulator dynamic but 

it is affected by the machine parameters and their estimated values can deviate from the real ones; 

moreover, the derivate operation included in (4.1.6) introduces noise, that can be mitigated by a 

low-pass filter.  Figure 4.7 shows the schematic block diagram.  

v0j_ref

qd / abc

r

vqd_ref vabc_ref

Modulator
+

VSI
IMj

i0j LPF
i

dt
dLir lsjsj 

 
Figure 4.7 Block diagram for the implementation of the Third current sharing method. 
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Although these three methods and the relative block diagrams are proposed considering a single 

drive fault, they can be extended for MDS with more drives affected by a single fault, and these 

methods are always applicable when there are at least two healthy drives.  

 

4.2 Losses and performance evaluation reduction 

The zero sequence current flowing on the healthy machine generates additional joule losses on their 

stator windings according to (4.2.1) 

PJs (io2, io3,… ion) = 3 rs2i2o2 + 3 rs3i3o2 + …+ 3 rsni2on (4.2.1) 

 

The last relationship can be minimized considering the constraint defined by the Kirchhoff’ s 

current law:  

g (io1, io2,… ion) = 0 → g (io1, io2,… ion) = io2 + io3 + … ion - io1 (4.2.2) 

 

Applying the method of Lagrange multipliers equations (4.2.1) and (4.2.2) can be solved and the 

results achieved are equal to those that can be carried out applying the current divider rule. 

Figure 4.8, shows the results obtained with the same MDS configuration considered for the test 

reported in Figure 4.6; in particular, Figure 4.8 depicts the loci of the minimum power losses with 

respect to different operative conditions.  IM1 operates again under a single open phase fault 

establishing a neutral current of 6A that is shared between IM2 and IM3; the four pictures are 

obtained keeping constant the load factor of one drive and changing the load conditions of the other 

one.  In each case the black rhombus represents the minimum power losses obtained applying the 

current divider rule equivalent to the application of the first current sharing method.  Different 

results are obtained applying the second or the third current sharing method where power losses are 

expressed through equation (4.2.3): 

PJs = 3 rs2 (k2 io1)2 + 3 rs3 (k3 io1)2 (4.2.3) 

The sharing factors are obtained applying the relation(4.1.2) and it is worth noting that, for a given 

load condition of the faulty drive, the additional power losses depend on the actual load conditions 

of both healthy drives, and their stator resistances.. 
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Figure 4.8 Additional losses Pjs obtained by implementing the first (black rhombus) and second/third current-sharing 
methods (red dots). 

From the aforementioned drawbacks, it can be deduced that the higher the number of drives that 

constitute the MDS and are used as feedback current path in case of fault of one or more drives the 

lower will be the additional power losses, the dc bus voltage and the torque reduction, keeping in 

mind also that post fault operations, in general, are temporary and extraordinary conditions. 

  



146 
 

4.3 Simulation results 

In this section the three current sharing methods are evaluated with some simulations developed for 

a MDS consisting of three 1.1kW IM and one 3kW IM drives whose parameters are reported in 

Table 4.1, already shown. 

All the motors are controlled independently and IM1 is working under a single open phase fault.  

Different speed and load transient are applied to each drive and the effect of the zero sequence 

currents on the healthy drives is evaluated. 

Figure 4.9 shows the MDS performances when the first current sharing method is applied; in 

particular, the rotational speeds, torques, phase currents, the neutral current amplitude of the faulty 

drive IM1 and the phase current amplitude of the healthy drives are reported.  As can be noted, 

although the phase currents of the healthy drives are modulated, torques and speeds are not 

distorted, following their commanded reference signals. 

Figure 4.11 shows the neutral current of the faulty unit and its split quantities among the healthy 

drives IM2, IM3, IM4, that do not change also during speed and load transients. 

 
Figure 4.9 Current sharing strategy based on the first method. 

The same tests have been performed applying the second current sharing method, hence the 

additional current loop to control the zero sequence currents have been implemented as well as the 

computation of the sharing factor kj.  The results of the simulations are displayed in Figure 4.10, 

also in this case torques and speeds of the healthy drives are not affected by the zero sequence 
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currents similarly to the previous test, but on the contrary, the zero sequence current amplitudes are 

modulated by the sharing factors as clearly visible in Figure 4.12; depending on the load condition 

of the healthy drives, the zero sequence current is defined on the basis of its current capability j, as 

can be clearly seen at the beginning from 0.6s to 0.8s where IM2 is operating at no load, thus its 

current capability is higher than that of IM3 and IM4.  In fact, a significant amount of the neutral 

current is flowing through IM2, followed by IM3 while the smallest quantity is flowing through 

IM4; in the simulation interval between 0.8s and 1s the speed transient on IM3 produces a short 

transient but at steady state the same zero sequence current distribution is obtained on 

IM2, IM3, IM4.  When a torque load is applied on IM2 its current capability is reduced, hereafter 

the load factor 2 increases and the zero sequence current is reduced as shown in the graph from 1s 

to 1.3s; after 1.3s the torque is increased over the rated value hence the sharing factor k2 is set to 

zero and only the other two healthy drives are used as feedback current path for the neutral current.  

 
Figure 4.10 Current sharing strategy based on the second method. 
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Figure 4.11 Zero-sequence currents flowing in each motor 

when applying the first method. 

 
Figure 4.12 Zero-sequence currents flowing in each motor 

when applying the second method. 
 

The third current sharing method has been tested applying the same speed and torque load transient, 

as reported in Figure 4.13, and although the drive performance is very similar to the results already 

shown with the first and second current sharing methods, the zero sequence current waveforms are 

reported in Figure 4.14 and Figure 4.15.  In the first one the model based controller has the same 

parameters as the machine hence the waveforms are very close to that one of Figure 4.12, while in 

the second case a mismatching on the resistance is introduced and r̂s3, the estimated value, is 50% 

higher than the real value rs3; in the last part of the simulation from 1.2s to 1.6s the value of io2 is 

not exactly zero although the sharing factor k2 = 0 due to a wrong generation of the voltage vo3_ref

.  

 
Figure 4.13 Current sharing strategy based on the third method. 
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Figure 4.14 Zero-sequence currents flowing in each motor 
when applying the third method. 

 
Figure 4.15 Zero-sequence currents flowing in each motor 
when applying the third method r̂s3 =1.5rs3.  

 

 

4.4 Experimental results 

 
Figure 4.16 Experimental setup. 

The three current sharing methods have been evaluated also with experimental tests performed on a 

MDS with three IMs: IM1, IM2, IM3 whose parameters are listed in Table 4.1.  The block diagram 

of the experimental setup is shown in Figure 4.16, a common DC bus supplies the power converters 

while in two DSP boards are implemented the VC and the sharing algorithms; the standard S-PWM 

is used to generate the gate signals of the inverter power devices. 

IM1 operates under a single open phase fault while IM2 and IM3 are healthy and independently 

controlled, moreover, the neutral point of the stator windings of IM1, IM2, IM3 are connected 

together.   
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Due to the necessary connection of the neutral points, a small third harmonic current can flow 

whose amplitude depends on IM design, therefore this current is mitigated adding a third harmonic 

voltage V3 on the stator voltage of healthy drives whose amplitude is adjusted offline. 

Figure 4.17 shows the amplitude ratio V3/V1 and the phase of V3, where V1 is the amplitude of the 

fundamental voltage, as can be noted this additional voltage has a very small amplitude compared to 

the fundamental one especially at high rotational speed.   

 
Figure 4.17 Amplitude ratio and phase of the voltages used to compensate the third-harmonic currents flowing in IM3. 

The results of a steady state test applying the first current sharing method are shown in Figure 4.18, 

where the two phase currents of the faulty drive IM1 and the “a” phase currents of the healthy 

drives IM2 and IM3 are depicted; although these two currents are distorted due to the zero sequence 

currents, the ripples on the torque current components iq_M2 and iq_M3 and on the speed 

rm_M2 and rm_M3 are very small, confirming that the zero sequence current does not affect 

the field orientation control implemented on IM2 and IM3. 
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Figure 4.18 Steady-state test at no load, by using the first, method: rm_IM1 = 30rad/s, rm_IM2 = 80rad/s and 
rm_IM3 = 50rad/s. 

Figure 4.19 shows a transient test performed with the first current sharing method to evaluate the 

effects of speed variations on the zero sequence current.  For this test IM1 runs at 50 rad/s while on 

IM2 a speed step from -30 to 30 rad/s is applied followed by another speed step on IM3 from 40 to -

40 rad/s; in addition, all the machines operate without mechanical load.  The zero sequence 

currents, io2 and io3 flowing on IM2 and IM3 are almost constant during the test, this confirms that 

the amplitude of the zero sequence currents flowing on the healthy drives depends only on the zero-

sequence circuit phase impedance, in this case, respectively Z2 and Z3.  
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i012A

i022A
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S2=V2I2

S3=V3I3

t [200 ms ]
 

Figure 4.19 First method: speed transients occurring at: IM2: rm_IM2 = -30/30rad/s and IM3 rm_IM3 = -40/40rad/s, 
whereas IM1 operates at rm_IM1 = 50rad/s. 

The following tests have been carried out applying the other two current sharing methods, 

controlling the zero sequence current.   

Figure 4.20 highlights the differences between the first sharing current method and the third one 

while the drives operate at steady state at no load.  In this case, with the third method, the sharing 

factors k2 and k3 are freely imposed, in order to force a considerable amount of the neutral current 

io1 to flow through the smaller drive.  As can be noted the control of the zero sequence current 

amplitude does not affect the apparent power and the rotational speed of the healthy drives.   
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Figure 4.20 Steady-state test at no load by using the first and third methods: rm_IM1 = 30rad/s, rm_IM2 = 20rad/s 
and rm_IM3 = 60rad/s. 

A similar test has been performed to evaluate the second current sharing method realizing a closed 

loop control on the zero sequence currents of the healthy drives; Figure 4.21 shows the results 

obtained with this method and it is possible to observe that there is a residual third harmonic current 

on the healthy machine when its sharing factor is set to zero due to an imperfect third harmonic 

compensation, and in addition a negligible increment of the ripple on the speed of IM2, that is the 

smallest healthy machine, is generated when it operates at high sharing factor value. 
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K3= 0.5
K2=0.5

K3= 0
K2=1

K3= 1
K2=0

t [200 ms ]  
Figure 4.21 Steady-state test at no load by using the second method: rm_IM1 = 30rad/s, rm_IM2 = 20rad/s and 
rm_IM3 = 60rad/s. 

Another test for a better evaluation of the speed ripple of the three drives is shown in Figure 4.22 

with the faulty drive operating at rated load while the second current sharing method control the 

zero sequence current on the healthy drives setting k2=k2=0.5 also in these conditions the speed 

ripple is almost moderate on each drive. 

 

 
Figure 4.22 Steady-state test with the faulty motor operating at rated load, by using the second method: 
rm_IM1 = 30rad/s, rm_IM2 = 20rad/s and rm_IM3 = 60rad/s. 

The last test is shown in Figure 4.23 where a load transient is applied on IM3 while the second 

current sharing method is performed on the zero sequence current control and the sharing factors 

are calculated according to the flow chart of Figure 4.5  At the beginning, IM2 and IM3 run at no 
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load and io1 is shared in even parts, when the rated load is applied on IM3 the sharing factors are 

automatically updated and a large amount of io1 is transferred to IM2 which has a higher capability 

to accept the additional zero sequence current, avoiding in this way overcurrent on IM3. 

i03

K2

t [400 ms ]

1

2A

i02

K3

2A

1

ia3

2Aia2

5A
20 rad/s

r2

r3

t [400 ms ]

20 rad/s

 
Figure 4.23 Load step occurring at IM2 with the second method: rm_IM1 = 30rad/s, rm_IM2 = 50rad/s and 
fe_M3=20Hz. 

 

4.5 Conclusions 

In this chapter a particular issue related to the proposed FT-MDS topology has been analyzed.  In 

fact, the utilization of the healthy drives as feedback current path for the neutral current, produced 

by one or more faulty drives, could lead to overcurrents in healthy drives, depending on their load 

conditions.  To overcome this problem, some current sharing methods have been proposed and 

investigated to manage the zero sequence current on the healthy drives. These current sharing 

strategies have been validated by means of simulations and experimental tests. 
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Chapter 5 Fault-Tolerant Mechanical Control Variables 
Estimation in AC Multi-Drive Systems Using Binary 
Hall-Effect Sensors 

In this chapter application of fault tolerant concept is extended to ac motor drive, where the 

sensor position is determined exploiting Hall effect sensors; the last are positioned inside the 

machines and used to reconstruct the rotor position.  This information can be used to select the 

suitable state of the converter power devices.  An incorrect signal provided by the Hall effect 

sensors may lead to an incorrect rotor position, therefore to a wrong firing sequence of the converter 

switches, causing instability of the drives that in some cases have to be turned off.  The reliability 

improvement and a significant stop reduction of the drive during fault on the hall effect sensors for 

position detection can be extremely enhanced, by implementing a suitable compensation technique 

as will be shown in the next paragraphs.  Even though this approach can be used for any type of ac 

machine hereafter it will be focused on a BLDC machine with trapezoidal back-emf. 

 

5.1 Single drives with binary Hall-Effect sensors rotor position feedback 

The application of field oriented control for ac drive requires the knowledge of the rotor position; 

usually optical encoder (incremental or absolute) or electromagnetic resolver, which have high 

resolution, are employed.  Their precision is counterbalanced by high costs that in some 

applications could be higher than the entire drive and also their presence increases the motor size 

and the space necessary for the drive installation.  Moreover, the reliability of the system can be 

affected by a fault on this external position sensor. 

Although many self-sensing techniques have been developed to use the motor itself as position 

sensor, based fundamentally on the back-EMF estimation [1]-[9] or on the high frequency signal 

injection [10]-[13], [22], [23] they do not allow good dynamic performance and control of the drive 

on its entire operating region, therefore, a good tradeoff can be reached adopting low cost hall effect 

sensors, which are positioned inside the machine and provide discrete absolute position information.  

Usually three or more hall effect sensors can be mounted in two configurations [28]: the first one is 

inside the stator slots while the second one is on a printed circuit board outside the motor; the 

angular position of the rotor is detected since the permanent magnets positioned on it produce 

alternatively a positive and negative magnet field for the first configuration, while in the second one 

there is an independent magnetic field source that mirrors the rotor magnets; each sensor output 

generates a digital high level signal for 180 electrical degrees and a low level signal for the other 

180 electrical degrees; in this way, during normal conditions, it is not possible that contemporarily 



157 
 

all these sensors produce, at the same time, a high or a low level signal.  Considering the case of 

three hall effect position sensors displaced by 120 electrical degrees to each other, it is possible to 

have 23 = 8 logic combinations where the states 000 and 111 are excluded while the remaining six 

are used to identify the rotor position in an absolute way. 

The application of this type of position sensors has been extensively evaluated for PMSM with 

sinusoidal [16], [17], [15], [18] and trapezoidal back-emf [19].  In the latter case, PMSM with 

trapezoidal back-emf also called Brushless DC Motors (BLDC) have been more involved in the use 

of hall effect position sensors, although they are synchronous machine their behavior is quite 

similar to DC machines but their windings are electronically commutated.   

To be more precise, considering a three phase BLDC machine the stator windings are distributed in 

order to have a back-emf with a trapezoidal shape, the maximum torque will be produced only 

when the stator and the rotor flux are orthogonally. Hence, with a properly firing sequence, based 

on the rotor position information provided by the hall effect position sensors, the current will flow 

on each phase only during the flat region of the back-emf and only two phases will be supplied 

every 60° electrical degrees.  Although the sequence commutation leads only on the hall effect 

position sensor states and does not depend on the machine’s parameters, an inevitable torque ripple 

will occur due to the quantized nature of the signals especially at low rotational speed.  Moreover, 

external speed and position loop could not work properly.  In general, the speed loop is based on the 

average speed as feedback signal, calculated by measuring the time between two consecutive hall 

effect sensor transitions. This information would not be appropriate during sharply acceleration or 

deceleration transients.   

Certainly, the improving of PMSM control both with sinusoidal and trapezoidal back-emf can be 

obtained exploiting the quantized information produced by the hall effect position sensors to 

generate a high resolution speed and position signals. 

The simplest solution is presented in [15] where the general definition of the angular position is 

approximated with the Zero-th order term of the Taylor series expansion [16].  

Considering the six active states provided by three hall effect position sensors, they can be reported 

on an orthogonal plane defining six sectors, each of them has an amplitude of 60° degrees.  Inside a 

sector “k” the rotor angular position re can be defined with (5.1) and re is the instantaneous 

electrical angular rotor speed.  k is the initial angle of the sector k and tk is the time when the 

magnetic axis enters in this sector. 



158 
 

re(t) = 
tk

t
re(t)dt + k (5.1) 

Equation (5.1) can be approximated with (5.2). 

̂o(t) = k + ̂ok(t-tk) (5.2) 

The angular position expressed in (5.2) needs to be bounded considering the limits of the sector k, 

that can be generally expressed as (5.3): 

k ≤ ̂o(t) ≤ k + /3 (5.3) 

̂ok is the angular rotor speed inside each sector and if it is considered constant, it is equivalent to 

the average speed and can be expressed with (5.4): 

re(t) ~= ̂ok = 


3

tk-1
 (5.4) 

tk-1 is the time taken by the rotor’s magnetic axis to cross the entire previous sector k-1. 

The aforementioned approach will be called Zero-Order-Algorithm (ZOA).  

The authors in [16] propose also the position approximation with the first-order term of the Taylor 

expansion defining a First-order Algorithm (5.5) - (5.8), hence: 

re(t) ~= ̂1k (t) =̂ok + ̂1
(1)
k  (t - tk) (5.5) 

The derivative term ̂1
(1)
k  can be expressed as: 

̂1
(1)
k  = 

̂ok - ̂o(k-1)
tk-1

 (5.6) 

re(t) ~= ̂1 (t) = k + ̂ok(t - tk) + 
̂1

(1)
k

2 (t - tk)2 (5.7) 

k ≤ ̂1(t) ≤ k + /3 (5.8) 

It is clear that considering more terms of the Taylor series expansion the computational efforts will 

considerably increase. 

Different techniques are based on state filters, PLL structures and observers.  

A first solution proposed in [18] is based on a hybrid observer exploiting a differential equation 

(5.9) of a rotating vector to estimate a high resolution position.  The block diagram of this method is 

presented in Figure 5.1.  
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d
dt 





cosre

sinre
 = 






0 -re

 re 0  






cosre

sinre
 (5.9) 

 
Figure 5.1 Hybrid Observer block diagram. 

In [14], [16], [17], [20] the authors use a Vector Tracking Observer (VTO) to estimate the high 

resolution position and velocity; this observer is based on the Luenberger Style Observer (LSO) 

proposed in [21] and used for self-sensing techniques such as [22], [23].  The VTO has two inputs: 

the first one is the rotating vector generated by the hall effect position sensors containing the rotor 

position information, and the second one is the torque feed-forward generated by the speed loop 

controller and applied to the mechanical model inside the observer.  The last contribution is useful 

to provide the position and velocity information above the observer bandwidth, this structure has 

intrinsically zero lead or lag on position and velocity tracking.   

Another technique presented in [24] is based on the back-emf estimation, using a suitable regulator 

where a non-linear equation is implemented, it can guarantee the convergence of the algorithm to 

the desired equilibrium point.  The estimated position will be obtained with the estimated speed 

integration but thanks to the hall effect position sensors the initial position is not arbitrary.  

The authors of [25] propose the rotor position and velocity estimation of a PMSM with sinusoidal 

back-emf, using the back-emf of the machine model estimated on a reference frame synchronous to 

the rotor and exploiting also the information of three hall effect position sensors in order to establish 

the initial rotor position and reset the error on the rotor position estimation every 60 electrical 

degrees.  In addition, the authors have implemented a Space vector modulation technique and they 

have reduced the mathematical operations and the total execution time exploiting the sector 
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identification provided by the Hall effect positions sensors and the position with the estimation 

algorithm proposed. 

Until now these are the principal structures and techniques employed to estimate a high resolution 

position and velocity from the quantized signal generated by the hall effect position sensors, under 

two fundamental assumptions: the first one is that the sensors are perfectly positioned while the 

second one is that no fault affects the sensors.   

In case of misalignment of the sensors as shown on Figure 5.2, that often happens for medium and 

low precision BLDC, although the estimated rotor position could be close to the real one at steady 

state, the average velocity will be affected by a significant error especially using the ZOA, leading 

to a degradation in the drive performance and increasing the torque ripple independently on the load 

conditions, due to unequal conduction intervals among the motor phases.   

The signals provided by the Hall effect sensors in case of misalignment and the estimated position 

obtained with the ZOA are illustrated in Figure 5.3.   

 
Figure 5.2 Cross section of a BLDC machine with misplaced Hall sensors [26]. 

The authors of [26] investigate the effects of the hall effect position sensors misalignment on phase 

current and electromagnetic torque for three BLDC motors and present an offline method to 

determine the real position of the hall sensors with respect to the ideal one, using a prime mover to 

run the BLDC rotor.  Fundamentally, they consider that the zero crossing of the line-to-line back-

emf is independent of sensor positioning, hence the misplacement angle for each sensor can be 

measured by comparing the line – to line back-emf and Hall sensor signal.   
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Figure 5.3 Actual and ideal Hall sensor output signals and resultant position estimate [29]. 

The authors in [27] propose a filtering technique to approximate the ideal hall effect position sensor 

signals, modifying the signals of the actual sensors.   

In particular, the proposed method works by finding an interval duration ncorresponding to re

(n); when (n) is known, it is used for estimating the correct timings for inverter states transitions.  

In case of misalignment nis not uniform and phase currents and torque waveform present 

undesirable harmonics.  The method suggested by the authors consists in removing these additional 

harmonics, filtering the original Hall sensor signals.   

In [28] the authors investigate the effects of the hall effect position sensors misplacement evaluating 

also the drive efficiency reduction and propose the estimation of the misplacement with an on-line 

method based on the back-emf of the silent phase.   

The authors in [29] apply the VTO to estimate high resolution position and velocity, taking into 

account also a compensation for a misalignment of the hall effect position sensors.  The authors 

estimate the back-emf with a stator electrical model and apply this signal to the first input of the 

VTO, the second input used as feed-forward in this case is not the commanded torque but the 

average speed calculated with the zero order algorithm as shown in Figure 5.4.  
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Figure 5.4 Vector tracking observer adopted in [29]. 

In Figure 5.4 the equations inside the block are below reported. 

Eq. (1)                                          re(t) = h
~= ̂ok = 


3

tk-1
  

Eq. (5)                       







(u* - Rsi) - Ls 

i(k) - i(k-1)
Ts

(u* - Rsi) - Ls 
i(k) - i(k-1)

Ts

 = ̂rem 






-sin̂re

coŝre
  

Eq. (6)                                                         Ē*
f = 

Ē*

s + 1(1+ĵre)  

Eq. 1 that provides h has the same meaning as equation (5.4); Eq. 5 represents the model of a 

PMSM on the stationary frame , in discrete time domain while Eq. 6 is the filtered reference 

back-emf vector, where ̂re is the estimated rotor angular speed.  

The authors in [30] propose a modified version of the hybrid observer defined in [18] to compensate 

misalignment and delay of the hall effect position sensors to reduce the torque ripple; in particular a 

routine to compensate the offset in placement of the sensors is provided and based on a look-up 

table while the compensation of hall effect position sensor delay is performed rearranging the 

control proposed in [31].  With this technique the authors limit the torque ripple from 1-2Nm to less 

than 30mNm compared to the rated torque of 13Nm. 

The authors of [32] present a technique for high resolution position and velocity estimation 

adopting a modified structure of the VTO including also a compensation for a misalignment 

problem exploiting a flux observer.  They suggest using as input for the VTO an interpolated angle 

instead of the discrete hall effect sensors signals, while for the position offset compensation a flux 

observer is used to estimate the electromagnetic torque that is compared to the commanded torque; 
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the error between these two quantities will be applied to a PI regulator which provides a signal 

proportional to the compensation angle offset. 

 
Figure 5.5 Vector feedback position observer [32]. 

The second assumption that could be not verified is related to possible faults in the hall effect 

position sensors which consist of an incorrect logical signal provided by the sensors during the rotor 

movement; for instance, it can provide a logical signal always high or low during the rotation 

period.  This issue has been analyzed in very few research activities.   

In [20] the authors propose an accurate analysis of all the possible types of faults on a drive with 

three hall effect position sensors.  Single and double faults are investigated and a fault detection and 

identification strategy is presented considering the loci of the rotating vector H defined by the 

hall effect position sensors represented with a decomposition on the  stationary frame.  The 

authors adopt a VTO to estimate high resolution position and velocity as already done in [16] with 

the harmonic decoupling of the rotating vector H, and for post fault operation they can estimate 

the correct position and velocity with a suitable modification of the decoupling terms of the rotating 

vector H.  Experimental tests have been conducted on an IM with IFOC.  

In [33] the authors investigate the effect of faults on the hall effect position sensors in a BLDC drive 

by means of simulations, at the beginning they show the effects of the sensor HA fault, for both 

cases HA=0 and HA=1, on: torque, current and line voltage; noting that each fault produces a 

particular and different effect. After this, a simple method for the fault diagnosis is presented, the 

fault detection is based on the value achieved by a flag signal and the maximum time for the fault 

detection is equal to the time for a complete electrical rotation of the rotor, while the sensor fault 

identification is performed applying a discrete Fourier transform on the line voltage for specific 

time interval and calculating the Spectral Energy Density (SED).  With the errors obtained from the 

comparison of the SED in successive time intervals the faulty sensor will be identified.  The fault 

compensation is realized exploiting the remaining two healthy sensors applying a suitable phase 

shift.   
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The line voltage used to detect and identify the fault position sensor will have noise and also it 

requires another sensor to perform its measurements; moreover, the authors generically claim to use 

a closed loop control on the speed to adjust the duty cycle of the PWM signal but they do not 

specify what algorithm or method is used to estimate the speed and also only single faults of hall 

effect position sensors are analyzed. 

In [34] the authors analyze only single faults on the hall effect position sensors on a BLDC drive, 

the fault detection is obtained with a comparison between the hall sequence commutations stored on 

the DSP memory for normal conditions with the actual hall sequence commutations; in this way 

also the faulted sensor can be easily identified.  The compensation for post fault operation is done 

using a counter to calculate the number of PWM cycles during the intervals that are no longer 

described as in normal conditions, in the paper the example of a fault on the sensor Hc is reported 

and the counter starts during the intervals from 120°-180° and from 300°-360°.  This information is 

used to adjust the firing sequence of the power converter. 

 

5.1.1 Model and control of a BLDC drive 

The modeling of the BLDC has been proposed by [19], considering a three-phase BLDC, it has 

permanent magnets placed on the surface of the rotor while in the stator three windings, which are 

distributed in order to obtain a back-emf with a trapezoidal shape .  The trapezoidal back-emf shape 

defines a non-sinusoidal variation of the motor inductances with the rotor angle hence the 

transformation of the equations on the qd0 reference frame is not necessary.  Hence, both the model 

and its control will be performed in machine variables.  The equations of the BLDC model are 

reported as follow in the next pages.  

 
Figure 5.6 Permanent magnet synchronous machine [18]. 
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vabcs = rs iabcs + p abcs

abcs = Ls iabcs +  'm
 (5.1.1) 

Since the inductance matrix is constant it is possible to write: 

vabcs = rs iabcs + Ls p iabcs + eabcs (5.1.2) 

eabcs = p  'm (5.1.3) 

 'm is the permanent magnet flux linkages with the stator windings, which depends on the rotor 

position. 

eabcs is the back-emf. 

rs = Rs 






1 0 0

0 1 0

0 0 1
 (5.1.4) 

Ls = 









Laa Lab Lac

Lba Lbb Lbc

Lca Lcb Lcc

 (5.1.5) 

Considering that the windings are balanced: 

Laa=Lbb=Lcc=L (5.1.6) 

Lab=Lac=Lba=Lbc=Lac=Lca=M (5.1.7) 

 

The inductance matrix can be written as: 

Ls = 






L M M

M L M

M M L
 (5.1.8) 

Finally remember that ia + ib + ic = 0 the final form of Ls can be: 

Ls = 






L-M 0 0

0 L-M 0

0 0 L-M
 (5.1.9) 

In scalar form the model equations are: 









vas

vbs

vcs

 = 









Rs 0 0

0  Rs 0

0 0  Rs

 









ias

ibs

ics

 + 






L-M 0 0

0 L-M 0

0 0 L-M
 









ias

ibs

ics

 + 









ea

eb

ec

 (5.1.10) 

The back-emf can be expressed with the following expression: 
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ea = re mF(re) 

eb = re mF(re - 
2
3 ) 

ec = re mF(re + 
2
3 ) 

(5.1.11) 

m is the amplitude of the flux linkages established by the permanent magnet; re is the electrical 

rotor speed.  The function F(re) can be expressed with the relation(5.1.12) and the waveform of the 

back-emf and phase currents are represented in Figure 5.7.  

F(re) = 









6
 re

1

1 - 
6
(re - 

5
 )

-1

-1+
6
(re - 

11
 )

 

0≤ re ≤

  


≤ re ≤

5
  

5
 ≤ re ≤

7
  

7
 ≤ re ≤

11
  

11
 ≤ re ≤(2) 

(5.1.12) 

 
Figure 5.7 Typical back-emf and current waveform of a BLDC [19]. 

The electromagnetic torque can be expressed as (5.1.13): 
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Te = (ea ias + eb ibs + ec ics) / re = m[ F(re) ias + F(re - 
2
3 ) ibs + F(re + 

2
3 ) ics] (5.1.13) 

The model is completed adding the equation for the mechanical system: 

Te = TL + Jpprm + bprm (5.1.14) 

Integrating (5.1.14) the mechanical speed and position will be obtained. 

Jp is the total inertia of the rotor; 

bp is the physical viscous dumping. 

p=d/dt 

The electrical speed and position are obtained multiplying the mechanical quantities by the pole 

pairs P/2. 

re= 
P
2 rm 

re= 
P
2 rm 

(5.1.15) 

The control of the BLDC is realized in order to achieve the maximum torque; it can be reached only 

if the stator and the rotor flux vectors are orthogonal, if it is considered that the rotor flux is 

conventionally directed along the d-axis, the back-emf produced will be directed always on the q-

axis, therefore exploiting the position information provided by the hall effect position sensors, it is 

possible to define the correct firing sequence in order to enable a current circulation during the 120° 

flat area of the back-emf.  In this way the stator flux, generated by the corresponding stator current 

will be directed on the q-axis, and this will allow to extract the maximum torque.  The current path 

is defined only by two active phases while the third one is not supplied, and from the last it could be 

possible to measure the back-emf; each 60° there is a commutation of the inverter power switches, 

and the firing sequence will be determined depending on the desired rotation. 

It is important to note that for a BLDC the reference current will be not sinusoidal but it will be 

rectangular, while the feedback current in reality will not be exactly rectangular but trapezoidal due 

to the finite rise time and an inductance phase value that is not zero.  The feedback current can be 

measured from the dc bus source or from the motor phases; in the latter case it is necessary to know 

the path of the current and measuring this quantity from the correct phase, according to the firing 

sequence of the power converter.  

The modulation strategy adopted for simulation and experimental results is the PWM 

complementary switching, and in addition to the current loop also an external speed loop is realized 

as shown in Figure 5.8. 
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5.2 Hall effect position sensors fault types and compensation 

Considering a single drive, during the rotation of the motor, the hall effect position sensors will 

provide three alternating logic signals that can be reported on a dq stationary frame indicated as , 

with the axis orientation defined as f + j f; the  component will define a vector 
→
H, rotating 

in a quantized fashion and moves from one direction to another every 60° , describing a hexagon 

locus, as shown in Figure 5.9.  The transformation matrix is defined according to (5.2.2) where the 

signals provided by the Hall effect sensors H1, H2, H3 are modified with(5.2.1) in order to be 

symmetrical with respect to  zero.  
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Figure 5.9 Hall effect sensors signals and vector representation on the  plane. 
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Figure 5.9 shows the hall sensor signals H1, H2, H3 waveforms during a complete rotation and the 

position  of the rotating vector 
→
H and its locus on the  plane, during normal operations 

when all the sensors are healthy.   

In case of a single fault, one of the three hall effect position sensors will keep its state constantly 

high or low.  Under this condition, a total of six possible faults can arise.  The effects of the fault 

will modify the locus of the vector 
→
H and the zero vector will also appear, i.e. (000) or (111) 

depending on the fault type.  Figure 5.10 reports the locus of 
→
H when the sensor H1 = 1, while 

Figure 5.11 represents the fault event of H1 = 0, as can be noted in both cases the zero vector V7 or 

V0 appears.  In this particular state all the switches of the power converters are kept open, 

moreover, the sector width is not constant as in normal case but two sectors are 60° wide and the 

other two are 120° wide.  The different sectors width characterize also the other type of single hall 

position sensors faults but each fault can be distinguished from the others by the specific 
→
H 

rhomboidal locus.   

The major issues caused by a single fault can be associated to a wrong feedback current 

reconstruction if it is measured by the machines’ phases, and also the average speed calculation will 

be incorrect because some sectors have a different length than 60°. These elements cause, without 

any doubts, instability of the drive control.   
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Figure 5.10 Single fault affects the Hall sensors signals with H1=1 and representation on the  plane. 
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Figure 5.11 Single fault affects the Hall sensors signals with H1=0 and representation on the  plane. 

Similar considerations can be made in case of double faults, where two hall position sensors keep 

constant their states; a total of 12 possible faults exist.  It will be useful to distinguish the case when 

both the faulty sensors keep the same state as reported in Figure 5.12 with H1 = H3 =1 from the 

mixed cases as reported in Figure 5.13 with H2 =1 and H3 =0.  Although each fault defines a 

particular 
→
H locus, when both the sensors have the same state the zero vector, V7 or V0, will 

appear on the locus, while in the other cases it will not appear.  The sector width in this case will be 

always 180° and with only one healthy sensor it is not possible to understand the rotor direction nor 

perform a startup.   

Exploiting the information given by the 
→
H locus, the fault detection can be implemented as 

suggested by [20], for a single fault after check for the presence of the zero vector it is necessary to 

wait for the next position of the vector 
→
H in this way, the faulty sensor can be identified 

unequivocally within 360°.  The identification of a double fault is more complex; moreover,  it can 

be well performed only when the rotor is rotating in one direction, i.e. not during a speed reversal.  

When both sensors have the same state 0 or 1, as shown in Figure 5.12 the zero vector appears in 

the locus therefore an erroneous single fault detection could be made. This can be avoided 

considering after the single fault identification another sensor transition.  The distinction from 

single fault to double fault will require in the worst case 480°, instead for a mixed double fault as 

that one presented in Figure 5.13 the identification is based on the fact that 
→
H switches back and 
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forth in only two positions, depending on the group of these two vectors. The double fault will be 

detected and identified unequivocally, after waiting for three sensor transitions and in the worst case 

it requires 540°.   

It is worth noting that this procedure can be generically adopted for all types of drive equipped with 

hall effect position sensors.   
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Figure 5.12 Double fault affects the Hall sensors signals with H1=1 H3=1and representation on the  plane. 
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Figure 5.13 Double fault affects the Hall sensors signals with H2=1 H3=0 and representation on the  plane. 
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The harmonic decoupling is performed on the base of a Fourier series of the rotating vector 
→
H , 

composed of different harmonics, some of them defining the vector 
→
H
 rotating in forward 

direction and others defining the vector 
→
H
 rotating in reverse direction.   

 

→
H = 

→
H
 + eq 

→
H
 (5.2.1.1) 

→
H
 = e

j(re-

6)

 + 
1
7 e

j(7re - 

6)

 + 
1
13 e

j(13re - 

6)

 + … (5.2.1.2) 

→
H
 = - 

1
5e

-j(5re + 

6)

 - 
1
11e

-j(11re + 

6)

 + … (5.2.1.3) 

Since the components H and H, of the rotating vector 
→
H, are exactly known as we are 

operating with digital signals, their harmonic contents can be subtracted from the complete 

spectrum in order to carry out the fundamental one.  
→
H_dec is the vector of the harmonic 

sequence that will be subtracted from 
→
H. 

→
H_dec = 

→
H - ej( - /6) (5.2.1.4) 

In case of a fault, the vector 
→
H will has different high harmonics content but in a similar way as 

in normal operation this content can be eliminated using the suitable 
→
H_dec related to the type 

of fault.  The harmonic decoupling sequence can be stored in look-up tables taking into account all 

the possible 18 type of faults. 

→
H_dec can be obtained equivalently with the following procedure depicted in Figure 5.15. 

 

 
Figure 5.15 Alternative method for harmonics decoupling. 
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For all single and double faults, the appropriate values of: re_min_sect, re_max_sect and 

re_prev_sect can be evaluated with the expression (5.2.1.5), where the indexes: n, k and z 

assume the values reported in Table 5.2 for single faults and that one of Table 5.3 for double faults.  

The values of: re_min_sect, re_max_sect and re_prev_sect are valid for both positive and 

negative rotation but in the latter case re_min_sect and re_max_sect are swapped.  In any 

operative conditions, the high resolution rotor position can be obtained from the numerical 

integration of the average velocity calculated with (5.4),. 

 

Table 5.2 ZOA Setup for Single Faults. 

 H1=1  H2=1  H3=1 
 n k z  n k z  n k z

Hαβ1 2 11 1 Hαβ2 1 11 3 Hαβ4 1 3 7
Hαβ2 1 1 5 Hαβ3 2 3 5 Hαβ5 2 7 9
Hαβ6 1 7 11 Hαβ4 1 5 9 Hαβ6 1 9 1
Hαβ7 2 5 7 Hαβ7 2 9 11 Hαβ7 2 1 3

 H1=0  H2=0  H3=0 
 n k z  n k z  n k z

Hαβ0 2 11 1 Hαβ0 2 3 5 Hαβ0 2 7 9
Hαβ3 1 1 5 Hαβ1 1 11 3 Hαβ1 1 9 1
Hαβ4 2 5 7 Hαβ5 1 5 9 Hαβ2 2 1 3
Hαβ5 1 7 11 Hαβ6 2 9 11 Hαβ3 1 3 7

 
Table 5.3 ZOA Setup for Double Faults. 

H1=1 H2=1 H1=1 H3=1 H2=1 H3=1 

 n k z  n k z  n k z 
Hαβ2 3 11 5 Hαβ6 3 7 1 Hαβ4 3 3 9 
Hαβ7 3 5 11 Hαβ7 3 1 7 Hαβ7 3 9 3 

H1=0 H2=0 H1=0 H3=0 H2=0 H3=0 
 n k z  n k z  n k z 

Hαβ0 3 5 11 Hαβ0 3 7 1 Hαβ0 3 3 9 
Hαβ5 3 11 5 Hαβ3 3 1 7 Hαβ1 3 9 3 

H1=1 H2=0 H1=1 H3=0 H2=1 H3=0 
 n k z  n k z  n k z 

Hαβ1 3 11 5 Hαβ1 3 7 1 Hαβ2 3 9 3 
Hαβ6 3 5 11 Hαβ2 3 1 7 Hαβ3 3 3 9 

H1=0 H2=1 H1=0 H3=1 H2=0 H3=1 
 n k z  n k z  n k z 

Hαβ3 3 11 5 Hαβ4 3 1 7 Hαβ5 3 3 9 
Hαβ4 3 5 11 Hαβ5 3 7 1 Hαβ6 3 9 3 

 

re_prev_sect=n· 

re_min_sect=k·30°  

re_max_sect=z·30°  

(5.2.1.5) 
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Table 5.4 HO Setup for Single Faults. 

H1=1 H2=1 H3=1 

 rf rr s t u v  rf rr s t u v  rf rr s t u v 

Hαβ1 11 1 0 1 1 11 Hαβ2 11 3 0 3 3 11 Hαβ4 3 7 3 6 3 7 

Hαβ2 1 5 1 5 3 5 Hαβ3 3 5 3 5 3 5 Hαβ5 7 9 9 7 7 9 

Hαβ6 7 11 11 7 9 11 Hαβ4 5 9 9 6 5 9 Hαβ6 9 1 0 9 1 9 

Hαβ7 5 7 7 6 5 7 Hαβ7 9 11 11 9 11 9 Hαβ7 1 3 1 3 3 1 

H1=0 H2=0 H3=0 

 rf rr s t u v  rf rr s t u v  rf rr s t u v 

Hαβ0 11 1 0 1 1 11 Hαβ0 3 5 3 5 3 5 Hαβ0 7 9 9 7 7 9 

Hαβ3 1 5 1 5 3 5 Hαβ1 11 3 0 3 3 11 Hαβ1 9 1 0 9 1 9 

Hαβ4 5 7 7 6 5 7 Hαβ5 5 9 9 6 5 9 Hαβ2 1 3 1 3 3 1 

Hαβ5 7 11 11 7 9 11 Hαβ6 9 11 11 9 11 9 Hαβ3 3 7 3 6 3 7 

 

 

 
Table 5.5 HO setup for double faults. 

H1=1 H2=1 H1=1 H3=1 H2=1 H3=1 

 rf rr s t u v  rf rr s t u v  rf rr s t u v 

Hαβ2 11 5 0 5 3 11 Hαβ6 7 1 0 7 1 9 Hαβ4 3 9 3 6 3 9 

Hαβ7 5 11 11 6 5 9 Hαβ7 1 7 1 6 3 7 Hαβ7 9 3 0 9 3 9 

H1=0 H2=0 H1=0 H3=0 H2=0 H3=0 

 rf rr s t u v  rf rr s t u v  rf rr s t u v 

Hαβ0 11 5 0 5 3 11 Hαβ0 7 1 0 7 1 9 Hαβ0 3 9 3 6 3 9 

Hαβ5 5 11 11 6 5 9 Hαβ3 1 7 1 6 3 7 Hαβ1 9 3 0 9 3 9 

H1=1 H2=0 H1=1 H3=0 H2=1 H3=0 

 rf rr s t u v  rf rr s t u v  rf rr s t u v 

Hαβ1 11 5 0 5 3 11 Hαβ1 7 1 0 7 1 9 Hαβ2 9 3 0 9 3 9 

Hαβ6 5 11 11 6 5 9 Hαβ2 1 7 1 6 3 7 Hαβ3 3 9 3 6 3 9 

H1=0 H2=1 H1=0 H3=1 H2=0 H3=1 

 rf rr s t u v  rf rr s t u v  rf rr s t u v 

Hαβ3 11 5 0 5 3 11 Hαβ4 7 1 0 7 1 9 Hαβ5 3 9 3 6 3 9 

Hαβ4 5 11 11 6 5 9 Hαβ5 1 7 1 6 3 7 Hαβ6 9 3 0 9 3 9 
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5.3 Simulation and experimental results 

Simulation tests have been performed with a BLDC drive, whose parameters are listed in Table 

5.6; a first simulation has been performed implementing only the current control loop while the 

mechanical speed has been fixed at 50 rad/s; at a certain instant a fault H1 = 1 is applied, it can be 

noted in Figure 5.21 that the current waveforms as well as the torque present a significant ripple. 
Table 5.6 BLDC machine’s parameters. 

Rated Power 2.3 kW 
Rated Torque 7.6 Nm 
Rated Speed 3000 rpm 
Rotor Inertia 1.05 10-3 kg m2 

Rated Voltage 345 V 
Rated Current 5.4 A 

Pole Pairs 3 
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Figure 5.21 Fault H1=1 on the BLDC drive under current control. 
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Figure 5.22 Hall effect position sensor fault H1=1 on a BLDC using VTO to provide the speed feedback. 

 

The simulation results of Figure 5.22 show the behavior of the BLDC with the fault tolerant VTO, 

its eigenvalues are positioned considering the bandwidth frequency of 80Hz-8 Hz -0.8 Hz.  The 

drive is speed controlled and the unenhanced VTO velocity is used as feedback signal, it is running 

at 100 rad/s with a torque load of 2Nm, the sensor fault H1=1 is applied and it is intentionally not 

compensated for 0.1s, during this transient period a strong ripple affect the torque hence speed and 

position are also influenced by the incorrect harmonic decoupling, although a larger controller 

bandwidth will improve the dynamic response, this reduces its filtering properties and more noise 

will be included on the speed.   
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Figure 5.23 Hall effect position sensor fault H1=1 on a BLDC using the ZOA. 

 

The same test has been implemented using the ZOA, Figure 5.23, and the HO, Figure 5.24; both 

algorithms use the estimated average velocity as feedback in the speed loop and during the non-

compensation of the fault it has an inappropriate value due to the incorrect application of equation 

to calculate the average speed, where the initial and boundary values are different with respect to 

the normal operative conditions.  Soon after, the fault compensation is performed and the drive is 

again able to track the required speed and load. 
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Figure 5.24 Hall effect position sensor fault H1=1 on a BLDC using the HO. 

 

The estimation velocity and position errors for VTO, ZOA and HO are reported in Figure 5.25, 

where it can be noted that all these algorithms are capable of estimating, properly the average 

velocity and position also with a hall effect position sensor fault.   
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Figure 5.25 Estimation position and velocity error with a)VTO, b)ZOA and c) HO. 
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5.4 Fault tolerant Multi-Drive Systems with Binary Hall-Effect Sensors 

The concept of healthy drives that supports a faulty drive can be applied also in this particular case.  

In fact, all the approaches listed in the present chapter, can be greatly improved by considering that 

in case of a multi-drive application in which the mechanical variable is, in some way, correlated 

among the drives, the feedback signal of healthy drives participate to improve the estimation in 

faulty drives.  Indeed, reliability and cost reduction can be greatly improved by considering that 

MDS with “n” drives, if they are synchronized, allow the rotor position estimation with the 

proposed algorithms, by using, in theory, only the hall sensors signal provided by one drive.  For 

the considered MDS, the rotor position can be correctly estimated also in case of fault on one or two 

hall sensors, in fact it can be possible to use the hall sensors signal provided by another drive.   

The cooperative approach that allows to create a current path, exploiting the configurations 

described in Chapters 2, 3 and 4, now is intended in the sense of sharing information.  

 

5.5 Conclusions 

In this chapter another aspect of the fault tolerant concept has been investigated.  With respect to the 

previous chapters where a topology structure has been analyzed, here the fault tolerant capacity is 

restricted on a single drive, although the stability of a single drive is the base for the stability of a 

MDS.  In particular, attention has been focused on BLDC drives that can be employed in 

commercial and low-cost applications guarantee high control performance over the entire speed 

region, using low cost hall effect position sensors.  The possibility of one or more failures that can 

arise on the position sensors could lead to uncontrollability of the drive hence three standard 

algorithms: Vector Tracking Observer, the Zero Order Algorithm and the Hybrid Observer, have 

been suitably modified in order to provide the correct rotor position information in case of one or 

two sensor faults.  With respect to other solutions no additional measures nor external hardware are 

necessary for post fault operations, but only a software reconfiguration is required, based on stored 

data on LUTs that can be easily saved on the DSP and called up when the fault is identified.   

The proposed solutions have been compared by means of simulations and experimental tests.   

Although in this case only three hall position sensors have been considered to define the rotor 

position, the fault tolerant capability as well as the stability and the disturbance rejection of the 

drive can be improved considering a higher number of hall effect position sensors, as in case of 

multi-drive systems.   

  



193 
 

5.6 References 

[1] K. Iizuka, H. Uzuhashi, M. Kano, T. Endo and K. Mohri, “Microcomputer Control for 

Sensorless Brushless Motor”, IEEE Trans. Ind. Appl., vol. 21, no. 4, pp. 595 – 601, May/Jun. 1985. 

[2] S. Ogasawara and H. Akagi, “An Approach to Position Sensorless Drive for Brushless dc 

Motors”, IEEE Trans. Ind. Appl., vol. 27, no. 5, pp. 928 – 933, Nov./Dec. 1991. 

[3] Application Note “AN1946 SENSORLESS BLDC MOTOR CONTROL AND BEMF 

SAMPLING METHODS WITH ST7MC” 

[4] Application note“Brushless DC Motor Control Using PIC18Fxx31 Microcontrollers”. 

[5] J.X. Shen, Z.Q. Zhu, and D. Howe, “Sensorless Flux-Weakening Control of Permanent-Magnet 

Brushless Machines Using Third Harmonic Back EMF”, IEEE Trans. Ind. Appl., vol. 40, no. 6, pp. 

1629 – 1636, Nov./Dec. 2004. 

[6] J.X. Shen, Z.Q. Zhu, and D. Howe, “Practical Issues in Sensorless Control of PM Brushless 

Machines Using Third-Harmonic Back-EMF”, in proc. of IEEE Power Electronics and Motion 

Control Conference, IPEMC 2006, pp. 1-5, Jun. 2006. 

[7] Shen, J. X.; and Iwasaki, S.; “Sensorless Control of Ultrahigh-Speed PM Brushless Motor Using 

PLL and Third Harmonic Back EMF,” IEEE Trans. Ind. Appl., vol. 53, no. 2, pp.: 421 – 428, April 

2006. 

[8] Gui-Jia Su; McKeever, J.W.”Low-Cost Sensorless Control of Brushless dc Motors with 

Improved Speed Range,”. Power Electronics, IEEE Transactions on, 2004, vol.: 19, no. 2, pp.: 296-

302. 

[9] T. Kim, H-W. Lee and M. Ehsani “Position sensorless brushless DC motor/generator drives: 

review and future trends,” Electric Power Applications, IET, 2007, vol. 1, no.: 4, pp.: 557-564. 

[10] A. Consoli, G. Scarcella, and A. Testa, “Industry Application of Zero-Speed Sensorless 

Control Techniques for PM Synchronous Motors”, IEEE Trans. Ind. Appl., vol. 37, no. 2, pp. 513 – 

521, Mar./Apr. 2001. 

[11] A. Gaeta, G. Scelba, and A. Consoli, “Sensorless Vector Control of PM Synchronous Motor 

During Single-Phase Open-Circuit Faulted Conditions” IEEE Trans. Ind. Appl., vol. 48, no. 6, pp. 

1968 – 1979, Nov./Dec. 2012. 

[12] A. Griffo, et al., “The Effect of Magnetic Saturation on Sensorless Control of a Brushless 

Permanent Magnet Motor under AC and DC Excitation”, in proc. of IEEE Energy Conversion 

Congress and Exposition, ECCE 2011, pp. 1582-1589, Sep. 2011. 

[13] G. Scarcella, G. Scelba, and A. Testa, “High Performace Sensorless Controls Based on HF 

Excitation: a Viable Solution for Future AC Motor Drives”, in proc. of IEEE Workshop on 

Electrical Machines Design Control and Diagnosis, WEMDCD 2015, pp 178-187, Mar. 2015. 



194 
 

[14] T. Tesch, “Dynamic torque estimation in a sensor limited environment,” Ph.D. preliminary 

examination presentation, Dept. Mech. Eng., Univ. Wisconsin, Madison, Aug. 2000. 

[15] S. Morimoto, M. Sanada, and Y. Takeda, “Sinusoidal Current Drive System of Permanent 

Magnet Synchronous Motor with Low Resolution Position Sensors”, in proc. of IEEE IAS Annu. 

Meeting, IAS 1996, pp. 9-13, Oct. 1996. 

[16] F. Giulii Capponi, G. De Donato, L. Del Ferraro, O. Honorati, M.C. Harke, R.D. Lorenz, “AC 

Brushless Drive With Low-Resolution Hall-Effect Sensors for Surface-Mounted PM Machines,” 

IEEE Trans. Ind. Appl, vol. 42, no. 2, pp. 526 – 535, March/April 2006. 

[17] M.C. Harke, G. De Donato, F. Giulii Capponi, T.R. Tesch, and R.D. Lorenz, “Implementation 

Issues and Performance Evaluation of Sinusoidal, Surface-Mounted PM Machine Drives With Hall-

Effect Position Sensors and a Vector-Tracking Observer”, IEEE Trans. Ind. Appl., vol. 44, no. 1, 

pp. 161 – 173, Jan./Feb. 2008. 

[18] K.A. Corzine, and S.D. Sudhoff, “A Hybrid Observer for High Performance Brushless DC 

Motor Drives”, IEEE Trans. Ene. Conver., vol. 11, no. 2, pp. 318 – 323, Jun. 1996. 

[19] Pillay, P.; Krishnan, R.; “Modeling, Simulation, and Analysis of Permanent-Magnet Motor 

Drives, Part II: The Brushless DC Motor Drive”, IEEE Trans. Ind. Appl., vol. 25, no. 2, pp. 274 – 

279, March/April 1989. 

[20] G. Scelba, G. De Donato, G. Scarcella, F. Giulii Capponi, and F. Bonaccorso, “Fault-Tolerant 

Rotor Position and Velocity Estimation Using Binary Hall-Effect Sensors for Low-Cost Vector 

Control Drives”, IEEE Trans. Ind. Appl., vol. 50, no. 5, pp. 1629 – 1636, Sep./Oct. 2014. 

[21] Robert D. Lorenz, and Keith W. Van Patten “High-Resolution Velocity Estimation for All-

Digital, ac Servo Drives”, IEEE Trans. Ind. Appl., vol. 27,no 4, pp. 701 – 705, July./August. 1991. 

[22] P. L. Jansen and R. D. Lorenz, “Transducerless position and velocity estimation in induction 

and salient AC machines,” IEEE Trans. Ind. Appl., vol. 31, pp. 240–247, Mar./Apr. 1995. 

[23] Matthew J. Corley and Robert D. Lorenz, “Rotor Position and Velocity Estimation for a 

Salient-Pole Permanent Magnet Synchronous Machine at Standstill and High Speeds”, IEEE Trans. 

Ind. Applicat., vol. 34,no 4, pp. 784 – 789, July./August. 1998. 

[24] S. Zaim, J.P. Martin, B. Nahid-Mobarakeh, F. Meibody-Tabar “High Performance Low Cost 

Control of a Permanent Magnet Wheel Motor Using a Hall Effect Position Sensor”, Vehicle Power 

and Propulsion Conference (VPPC), 2011 IEEE, pp.: 1-6. 

[25] Lidozzi, A.; Solero L.; Crescimbini, F.; Di Napoli, A; “SVM PMSM Drive With Low 

Resolution Hall-Effect Sensors”, IEEE Trans. Power Electronics, vol. 22, no. 1, Jan. 2007. 

[26] Pooya Alaeinovin, Sina Chiniforoosh, and Juri Jatskevich, “Evaluating Misalignment of Hall 

Sensors in Brushless DC Motors”, 2008, IEEE Electrical Power & Energy Conference,pp.:1-6. 



195 
 

[27] Samoylenk, N.; Han, Q.; Jatskevich J.; “Dynamic Performance of Brushless DC Motors With 

Unbalanced Hall Sensors” IEEE Trans. Energy. Conv., vol. 23, no 3, pp. 752 – 763, Sept. 2008. 

[28] S. Tsotoulidis, A. Safacas, “Side-effects of Hall Sensors Misplacement on BLDC Motor Drive 
Operation”, Electrical Machines (ICEM), 2014 International Conference on, 2014, pp.: 1825-1830. 

[29] Sam-Young Kim, Chinchul Choi, Kyeongjin Lee, and Wootaik Lee, “An Improved Rotor 

Position Estimation With Vector-Tracking Observer in PMSM Drives With Low-Resolution Hall-

Effect Sensors”, IEEE Trans. Ind. Elec., vol. 58, no 9, pp. 4078 – 4086, Sept. 2011.  

[30] Philip B. Beccue, Steven D. Pekarek, Bradley J. Deken, and Andreas C. Koenig 

“Compensation for Asymmetries and Misalignment in a Hall-Effect Position Observer Used in 

PMSM Torque-Ripple Control” IEEE Trans. Ind. Appl., vol. 43,no 2, pp. 560 – 570, March./April 

2007. 

[31] P. Beccue, J. Neely, S. Pekarek, and D. Stutts, “Measurement and control of torque ripple-

induced frame torsional vibration in a surface mount permanent magnet machine,” IEEE Trans. 

Power Electron., vol. 20, no. 1, pp. 182–191, Jan. 2005. 

[32] Dalala, Z.M.; Younghoon Cho; Jih-Sheng Lai, “Enhanced Vector Tracking Observer for Rotor 

Position Estimation for PMSM Drives with Low Resolution Hall-Effect Position Sensors”, Electric 

Machines & Drives Conference (IEMDC), 2013 IEEE International, 2013, pp.: 484-491. 

[33] A. Tashakori, and M. Ektesabi, “A Simple Fault Tolerant Control System for Hall Effect 

Sensors Failure of BLDC Motor”, in proc. of IEEE Industrial Electronics and Applications, ICIEA 

2013, pp. 1011-1016, Jun. 2013. 

[34] Hrishikesh Mehta, Ujjwala Thakar, Vrunda Joshi, Kirti Rathod and Pradeep Kurulkar “Hall 

Sensor Fault Detection and Fault Tolerant Control of PMSM Drive System” Industrial 

Instrumentation and Control (ICIC), 2015 International Conference on, 2015, pp.:624-629. 

 



196 
 

Chapter 6 Conclusions and recommended future work 
The main line of this research activity has been focused on the study and implementation of 

fault-tolerant multi-drive systems; after a detailed overview of the state of art, mostly oriented to 

single drives, a MDS consisting of multiple three-phase drives has been investigated in Chapter 2. 

The presence of many electric drives allows to form a structure that, intrinsically, offers more 

freedom degrees of a single drive and can be used to tolerate continuous and safety operation after 

one or more faults.  In particular, an alternative fault tolerant topology based on a cooperative 

approach has been presented in Chapter 2, where the healthy drives support the faulty ones during 

post fault operations.  The evaluation of pros and cons of the proposed configuration shows that it 

can be easily applied without increase significantly the MDS cost, ensuring a limited performance 

reduction compared with other technical solutions.   

In Chapter 3, the fault tolerant topology presented in Chapter 2 has been applied to a Wind 

Power System equipped with a PMSG and a transformer.  Also in this case, a single fault on the 

generator side or in the primary side of the transformer, could cause serious losses of incoming and 

perturbation on the main grid, hence the capability of the whole system to deliver power to the grid, 

also after a fault on the generator or on the primary side of the transformer, is significant. 

A common property that allows to faulty three phase drives to operate, is the application of two 

independent currents on the healthy phases, this is possible thanks to the connection of the neutral 

point of the stator windings of the faulty machines with that one of the healthy machines.  The 

sharing of the current that flows from the faulty to the healthy drives, has been investigated in detail 

in Chapter 4, where three different current sharing methods have been presented, evaluating the 

additional power losses caused by the flow of the additional zero current flow. 

Another key aspect of fault tolerant related to motor drives regards the capability to overcome 

single or multiple faults in the rotor position sensors.  Chapter 5 is dedicated to this issue, and a 

suitable fault tolerant rotor position estimation is studied and implemented in case the rotor position 

is provided with low cost hall effect sensors.  As well know, high performance vector control 

implementation requires the knowledge of the rotor position and in particular for BLDC drives, this 

is used to select the power converter states; when the rotor position information is wrong or not 

correct estimated, the power converter firing sequence is wrong too and the drive will be unstable. 

This issue has to be avoided especially in a MDS where healthy drives could be stressed by torque 

ripple caused by the faulty units.  The activity reported in this chapter has been dedicated to the 

estimation of the correct rotor position also when one or more hall effect sensors are faulty, using a 

suitable compensation; three different estimation algorithms have been tested and compared. 
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On the base of the activity aforementioned some aspects could be further investigated in order to 

improve the fault tolerant capability and performance of the drive: 

The transient from healthy to faulty condition in a single or more drives is crucial and the 

behavior between these two status, including the modification required to the PWM and the 

operation in flux weakening region need to be investigated with more detail.   

Experimental tests with MDS consisting of multiple faulty drives have not been made.  Although 

theoretically investigated, multiple faulty drives could require other adjustment in terms of 

harmonic compensation, similarly to what has been done in case of single faulty unit.  This aspect 

should be verified from practice tests. 

The cooperative approach that allows to create a current path, exploiting the configurations 

described in Chapters 2, 3 and 4, can be used as a way for sharing information and shared 

information can help faulty drives in low cost applications as in Chapter 5.  

The connection among the neutral point of the stator windings of the faulty and healthy machines 

could be used to carry out other useful information, for instance, estimating the operative conditions 

of the drives and rotor position. 

The DC bus utilization is reduced from healthy to faulty operative conditions, therefore could be 

useful to improve the DC bus utilization factor also in faulty conditions, especially when the faulty 

drive also works in flux-weakening region. 

Application of different type of control techniques such as “model predictive control” that are 

recently presented and represent a new frontier in the drive control, could be applied also in the 

faulty drives and could be remarkable to evaluate the drive performance with these type of 

techniques. 
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Appendix 

Tuning procedure of the current and speed control loops 

The following general procedure can be applied both for IM and PMSM drives considering that the 

cross-coupling terms of the current and speed loops are perfectly decoupled.   

A. Continuous time domain 

In continuous time domain, this procedure can be followed: 

1) The equation of the plant in Laplace domain is defined from the time domain differential 

equations. 

2) The transfer function, fdt, of the closed loop system is calculated, including the controller. 

3) Considering the denominator of the fdt, the desired poles have to be set. 

4) Calculate the controller gains. 

Current loop with standard PI controller 

 
Figure A1 Closed loop system in Laplace domain in case of the current control. 

Step 1) 

V(t) = Ri(t) + L
d
dti(t)→V(s) = (R+sL)I(s)→

I(s)
V(s) = 

1
sL+R (1) 

V is the voltage 

I is the current 

L is the inductance 

R is the resistence 

Step 2) 

I(s)

I*(s)
 = 

Kpi s+ Kii
s2L+(Kpi+R)s+Kii

 = 
(1/L)(Kpi s+ Kii)

s2+
(Kpi+R)

L s+
Kii
L

 (2) 

Step 3) 

s2+
(Kpi+R)

L s+
Kii
L  = s2+(P1i + P2i)s+ P1i P2i (3) 

s2+(P1i + P2i)s+ P1i P2i is the polynomial expression containing the desired poles P1i and P2i. 

P1i = 2 f1i; P2i = 2 f2i;  

f1i and f2i are the poles frequency and can be set: f2i = (5÷10)f1i. 
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Step 4) 

The controller gains are expressed with the following expressions: 

Kpi=L (P1i+P2i)-R  

Kii=L P1i P2i 
(4) 

 

Speed loop with standard PI controller 

 
Figure A2 Closed loop system in Laplace domain in case of speed control. 

Step 1) 

Te(t) = bp(t) + Jp
d
dt(t)→Te (s) = (bp+s Jp)(s)→

(s)
Te(s) = 

1
sJp+bp

 (5) 

 

Te is the electromagnetic torque 

 is the angular speed 

Jp is the system inertia 

bp is the viscous dumping 

Step 2) 

1) 
(s)

*(s)
 = 

Kp s+ Ki
s2Jp+(Kp+bp)s+Ki

 = 
(1/Jp)(Kp s+ Ki)

s2+
(Kp+bp)

Jp
s+

Ki
Jp

 
(6) 

Step 3) 

s2+
(Kp+bp)

Jp
s+

Ki
Jp

 = s2+(P1 + P2)s+ P1 P2 (7) 

P1 = 2 f1; P2 = 2 f2 

Step 4) 

The controller gains are expressed with the following expressions: 

Ki= Jp P1 P2 

Kp= Jp (P1+P2)- bp  
(8) 
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B. Discrete time domain design 

The controller tuning in discrete time domain [1] can be performed following the proposed 

approach and assuming that the power converter acts as an amplifier with unitary gain and the 

manipulated inputs are keeping constant for the sample time Ts. 

1) The equation of the plant in Laplace domain is defined from the time domain differential 

equation. 

2) Apply the “Latch” interface at the manipulated input of 1). 

3) Transform in Z domain 2), defining the so called “New system dynamic” NSD. 

4) The transfer function, fdt, in Z domain, of the closed loop system is calculated including the 

controller. 

5) Considering the denominator of the fdt, the desired poles can be set. 

6) Controller gains determination. 

The standard method of the sequential tuning is followed starting from the inner current loop and 

going on with the outer speed loop. 

 
Figure A3 Closed loop system for computer control. 

Current loop 

 
Figure A4 Current control in discrete domain. 

Step 1) Gp1(s) is the Laplace transform of the real system based on the differential equation with 

the initial condition sets to 0: 
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Gp1(s) = 
I(s)
V(s) = 

1
sL+R (9) 

 

Step 2) and Step 3) The New System Dynamic, indicated with NSD1(z), is obtained applying the 

following relation: 

NSD1 (z) = 
I(z)
V(z) = Z{Latch 

1
sL+R} = Z{

1 - e-sTs
s  

1
sL+R)} =  

= 
z-1
z  Z{

1
s 

1
sL+R)} = 

1
R 

z-1
z  

z(1 - e-aTs)
(z-1)(z - e-aTs)

 = 
1
R 

(1 - e-aTs)
 (z - e-aTs)

 

(10) 

a = 
R
L 

Step 4) Gc1(z) is the state controller in discrete time domain that has for this kind of system the 

following expression: 

Gc1(z) = Kco + 
zTs
z-1 Kico 

 
Figure A5 Compact representation of Figure A4. 

The tuning process for the current loop will be performed considering the closed loop transfer 

function of the system as below presented. 

(I*(z) - I(z)) (Kco + 
zTs
z-1 Kico) 

1
R 

(1 - e-aTs)
(z - e-aTs)

 = I(z)  

I(z) [1 + (Kco + 
zTs
z-1 Kico) 

1
R 

(1 - e-aTs)
(z - e-aTs)

] = (Kco + 
zTs
z-1 Kico) 

1
R 

(1 - e-aTs)
(z - e-aTs)

 I*(z)  

[
R (z - 1) (z - e-aTs) + Kco(z-1)(1 - e-aTs) + zTsKico(1 - e-aTs)

R (z - 1) (z - e-aTs)
] I(z) =  

=
Kco(z-1)(1 - e-aTs) + zTsKico(1 - e-aTs)

R (z - 1) (z - e-aTs)
 I*(z)  
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I(z)
I*(z)

 = 

Kco(z-1)(1 - e-aTs) + zTsKico(1 - e-aTs)

R (z - 1) (z - e-aTs)

[
R (z - 1) (z - e-aTs) + Kco(z-1)(1 - e-aTs) + zTsKico(1 - e-aTs)

R (z - 1) (z - e-aTs)
]

  

I(z)
I*(z)

 = 
Kco(z-1)(1 - e-aTs) + zTsKico(1 - e-aTs)

R (z - 1) (z - e-aTs) + Kco(z-1)(1 - e-aTs) + zTsKico(1 - e-aTs)
 (11) 

Step 5) Looking at the denominator of (11), it is possible to set the poles defining the gains of the 
controller. 

Rz2 + [-R - R e-aTs - Kco (e-aTs - 1) - KicoTs( e-aTs - 1)]z + R e-aTs + Kco( e-aTs - 1) 

The characteristic polynomial expression is (12):  

(z - P1)(z - P2) = z2-(P1 + P2)z + P1P2 (12) 

It is possible to set P1 and P2 as the desired poles and matching the denominator with (12) and thus 
determine the gains controller equations. 

[-R - R e-aTs - Kco (e-aTs - 1) - KicoTs( e-aTs - 1)]
R  = - (P1 + P2)  

Re-aTs + Kco(e-aTs - 1)
R  = P1P2  

Step 6) Controller gain equations: 

Kco = 
R(P1P2 - e-aTs)

(e-aTs - 1)
 (13) 

Kico = 
R(P1+P2) - Kco(e-aTs - 1) - R - R e-aTs

Ts(e-aTs - 1)
 (14) 

P1 = e-2f1Ts; P2 = e-2f2Ts 

f1 and f2 are the desired cut-off frequencies, usually f2 = (5÷10) f1. 

 

Speed loop. 

The following procedure for the speed loop controller tuning is simplified because it is assumed that 

the instantaneous velocity is known.  In reality only sensor positions are used and they provide the 
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rotor position; starting from this information the average velocity can be calculated and not the 

instantaneous one. 

Since the dynamic of the electrical system is faster than that of the mechanical one, the speed loop 

tuning can be made, considering the current loop as an amplifier with unitary gain. 

 
Figure A6 Speed closed loop for computer control. 

Applying the previous procedure we get: 

Step 1) The Laplace transform of the differential equation, considering the initial condition 0: 

Gp2(s) = 
s
Te(s) = 

1
sJp+bp

 (15) 

 

Equation (15) links the speed and the torque; this last relationship can be expressed as Te = KTI, 

where KT is the torque constant. 

Step 2) and Step 3) The NSD2(z) is defined in equation (16): 

NSD2 (z) = 
(z)
Te(z) = Z{Latch 

1
sJp+bp

} = Z{
1 - e-sTs

s  
1

sJp+bp
)} =  

= 
z-1
z  Z{

1
s 

1
sJp+bp

)} =
1
bp

 
z-1
z  

z(1 - e-aTs)
(z-1)(z - e-aTs)

 = 
1
bp

 
(1 - e-aTs)
 (z - e-aTs)

 

(16) 

a = 
bp
Jp

  

Considering the relation between torque and current: 

NSD2(z) = 
(z)
I(z)  =

KT
bp

 
(1 - e-aTs)
 (z - e-aTs)

 (17) 

Step 4) Gc2(z) is the state controller in discrete time domain represented in the following 

expression as: 

Gc2(z) = Kp + 
zTs
z-1 Ki 
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Figure A7 Equivalent representation of Figure A6. 

The closed loop transfer function is: 

(z)
*(z)

 = 
KTKp(z-1)(1 - e-aTs) + zTsKTKi(1 - e-aTs)

bp (z - 1) (z - e-aTs) + KTKp(z-1)(1 - e-aTs) + zTsKi KT (1 - e-aTs)
 (18) 

Step 5) Considering the denominator of (17) 

bpz2 + [-bp - bp e-aTs - KTKp (e-aTs - 1) - KTKiTs( e-aTs - 1)]z + bp e-aTs + KTKp( e-aTs - 1) 

and defining a characteristic polynomial expression as (19):  

(z - P1)(z - P2) = z2-(P1 + P2)z + P1P2 (19) 

The results shown in Step 6) will be obtained comparing the two previous equations: 

Step 6) 

Kp = 
bp (P1P2 - e-aTs)

KT (e-aTs - 1)
 (20) 

Kiw = 
bp (P1w+P2w) - KTKpw(e-aTs - 1) - bp - bp e-aTs

KTTs(e-aTs - 1)
 (21) 

P1 = e-2f1Ts; P2 = e-2f2Ts 

f1 and f2 are the desired cut-off frequencies, usually f2 = (5÷10) f1. 
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