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ABSTRACT 17 

In this paper, the global power conversion efficiency is improved for a fault-tolerant drive 18 

architecture. The fault-tolerant architecture is obtained by combination of a 3-phase open-end 19 

winding machine and a 3H-bridge inverter. This combination offers more degrees of freedom for 20 
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the control strategy than a classical 3-leg inverter. This paper demonstrates that the additional 1 

degree of freedom of this power system can be exploited for efficiency optimization purposes in 2 

normal operation mode. In the present work, the retained optimization criteria is the minimization 3 

of the drive losses which is a critical issue. In addition, to fulfill the torque demand, this leads to a 4 

constrained optimization problem which can be analytically solved using the Lagrange 5 

multipliers method. Besides, as each motor phase can be driven independently, the resolutions for 6 

three strategies, i.e. for three, two or one-phase simultaneous conduction of the inverter, provide 7 

three different optimal current waveforms. This is the key point of the proposed efficiency-8 

optimal power partitioning for improved partial load efficiency of electric drives. Finally, on a 9 

test bench, the real-time tracking of the mentioned current waveforms is successfully tested and 10 

power measurements confirm the possibility of using the three different control strategies to 11 

realize an efficiency optimum phase-shedding strategy.  12 

KEYWORDS 13 

Inverters, motor drives, permanent-magnet (PM) machines, losses minimization, efficiency-14 

optimal partitioning of the power, Lagrange multipliers method.   15 

 16 

1. INTRODUCTION 17 

Efficiency improvement in energy conversion process is becoming a primary development goal 18 

in many applications, in connection with rising energy prices and resources conservation. This is, 19 

in particular, the case in various areas such as embedded applications [1], communication 20 

networks [2], data centers [3], electric grid generation [4-6], or automotive applications [7]. The 21 

following part reviews best practices for enhancing the power converter efficiency for electric 22 

drives. Some efficient techniques can be found in the power converters for photovoltaic systems 23 
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mainly. Indeed, photovoltaic inverters achieved in 2015 a rated power efficiency higher than 1 

99%, driven by the market demand. This significantly exceeds the reference value of 95 % of 2 

year 2000 [8-11]. Similarly, pushed by high standards [12], converter stages of telecom power 3 

modules produce less than 1% of power losses at rated power [13]. Indeed, the clear requirement 4 

of this application, in terms of compactness and reliability, involves high power density while 5 

keeping a low operating temperature. Therefore, minimizing losses of power electronics systems 6 

gains increasingly in importance and power conversion efficiency tends to be a key criteria 7 

among the performance indices [14]. 8 

The rated power operating point is often used to define the performance of a system. However, in 9 

case of energy optimization considerations, the typical mission profile has to be considered, 10 

leading to assess the losses on different operating points [15]. This is particularly important for 11 

achieving a relevant energy efficiency optimization [16]. As an example, PV inverter certification 12 

requires not only full-load efficiency but also partial load values, namely at 10%, 20% and 50% 13 

of rated power [17].  14 

Automotive applications also lead to a wide range of operating points [18]. In such applications, 15 

it is clearly demonstrated that the powertrain losses must be reduced for low power and low 16 

speed in order to increase the vehicle’s autonomy [19]. For instance, to assess vehicles 17 

powertrain efficiency, a realistic average driving cycle such as ARTEMIS is used [20]. There are 18 

various ways of enhancing a power converter’s efficiency: these include using new components 19 

[6], more complex topologies enabling soft-switching [21], or modular design [22,23], new 20 

designs with better integration [24], system considerations and innovative control procedures, e.g. 21 

Differential Power Processing [3]. All these considerations mainly lead to a global approach [14], 22 
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e.g. of the optimization of the combination of the machine and the associated power electronics 1 

converters.     2 

For single-cell converters, it should be noted that high efficiency at partial load leads to a 3 

significant increase of the performance of the system at full load [25]. Thus, partial load 4 

efficiency improvement is very difficult to achieve for classical converter topologies. Indeed, an 5 

efficiency of 90% at 10% partial load corresponds to a rated power efficiency of 99% under the 6 

assumption of constant losses over the entire output power range.  7 

Experiencing the difficulty in obtaining a flat efficiency curve has led to the alternative solution 8 

of splitting a single converter into several smaller converters working in parallel [26]. The 9 

number of operating cells is defined to optimize the global power efficiency. Indeed, some of 10 

them can be disconnected and set off to improve efficiency when working at partial load. 11 

Choosing the number of operating converters with regard to the demanded power ensures that 12 

each subsystem works within a small power range around its best efficient operating point. This 13 

established control procedure is known as Phase Shedding or efficiency-optimal partitioning [27]. 14 

Toyota uses this strategy to manage a 114 kW boost converter implemented in the hydrogen-15 

powered Mirai fuel cell electric vehicle (EV) [28]. The DC converter regulating the voltage 16 

delivered by the fuel cell is made of 4 parallel legs. The associated control determines in real-17 

time the optimal number of cells to be used; this strategy leads to reduce the boost losses by ten 18 

per cent at 15 kW operating point [28]. This design also induces significant system improvements 19 

[25]: among the benefits, one could easily identify input and output current ripple reduction [29], 20 

a better continuity of service and also a fast transient response if using multiphase interleaved dc–21 

dc converters, as in the case of the power management of microprocessors or double-data rate 22 
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(DDR) memory [30]. With the goal of reducing power loss, the aforementioned system 1 

consideration has not yet been exploited in a motor drive.      2 

Therefore the present paper applies a similar point of view to the approach in multiple parallel 3 

converters [8, 27-30] to an electric motor drive designed to be fault-tolerant. This drive is the 4 

combination of a three-phase open-end-winding permanent magnet synchronous machine 5 

(PMSM) and a three-phase inverter made of three full H-bridges. This architecture has been 6 

patented for EV powertrain by the VALEO group, a world’s leading automotive supplier [31-34]. 7 

Similarly to other three-phase structures, like neutral leg inverter or additional leg inverter [35], 8 

the VALEO patented option has the advantage of improved continuity of service due to its fault 9 

tolerant capability. In contrast, this solution has proved to be multifunctional without any 10 

additional device (i.e. electrical contactor), permitting EV traction [36, 37], battery charging [38], 11 

power injection back to the grid during peak demand (vehicle to grid / V2G) and post-fault 12 

operating mode [39, 40]. These are key features for specific applications like the EV emerging 13 

market. In traction mode, its key competitive advantage relies on its high degrees of freedom 14 

[41]. Unlike the combination of a classical three-leg inverter connected with a star- or delta-15 

connected PMSM, each winding can be supplied independently. It makes the topology 16 

intrinsically fault-tolerant. Additionally in normal mode, thanks to this feature, the drive control 17 

can be operated using only one or two phases sequentially instead of three phases simultaneously. 18 

This option allows the increase the power dynamically in one or two phases and to cancel the 19 

power in the other phases. As the drive is running in normal mode, it opens up the possibility for 20 

choosing the best windings dynamically in order to minimize losses, while achieving the 21 

demanded torque. Thus, on an electric turn, each of the 3 phases converts power at the most 22 

appropriate moment.  23 
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In short, this article develops a method for normal operating optimized with respect to motor 1 

drive energy efficiency; the main idea consists in adjusting the number of phases in operation as a 2 

function of the required mechanical torque in order to maximize the drive power efficiency at low 3 

torque operating points. The paper is organized as follows. Section 2 addresses the optimized 4 

motor phase current shape in the general framework of non-sinusoidal PMSM back-electromotive 5 

force (back-emf). In section 3, the drive current optimization method is applied in the three cases 6 

of one, two or three phases conducting simultaneously; in all these three cases, the phase current 7 

is derived analytically. Section 4 presents experimental validations of the innovative strategy. 8 

Finally, section 5 draws conclusions and perspectives of the suggested approach. 9 

 10 

Fig. 1: 3-phase open-end winding architecture.  11 

2. DRIVE CURRENT OPTIMIZATION METHOD  12 

In the case of a sinusoidal magnetomotive force in a 3-phase synchronous machine, it is 13 

demonstrated that the optimal currents in the machine phases are sinusoidal and in phase with its 14 

electromotive forces [42]. These waveforms are, for a given electromagnetic torque, energetically 15 

optimal for the machine, as they minimize the RMS current values and hence the windings’ Joule 16 

losses. In this case, cancellation of low frequency phase-voltage harmonics also enables the 17 

mitigation the machine ferromagnetic losses. 18 
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Now considering a more general drive current optimization, the design framework should 1 

integrate both losses in the machine and the power inverter for a 3-phase, 2-phase or 1-phase 2 

feeding sequence. In the following, any system loss will be taken into account.  3 

A brief recall, underlying causes of losses in the machine–inverter association, allows better 4 

understanding of the guiding principle in developing the proposed strategy, based on an 5 

efficiency-optimal power partitioning (or fragmentation of power). The general problem of losses 6 

minimization that can be stated in terms of a constrained problem can be solved using the 7 

Lagrange multipliers method. The problem resolution using this method will be described at the 8 

end of the section. 9 

2.1. Losses in the inverter and machine combination 10 

Three loss-types with characteristic dependence on the output power P_O are occurring for a 11 

power electronic system [25]:     12 

 . .  (1) 

The three parameters of this function are linked to various contributions:  13 

1.  expresses the power losses, which are independent of output power. This means: 14 

 Power feeding ancillary equipment, particularly the power needed by the IGBT 15 

driving cards as well as the cooling system, the sensors and the control card. In the 16 

present case, the strategy cannot act on the three last parameters;     17 

 Losses due to the power semiconductors parasitic capacitance that occur at each 18 

switching; 19 

 Machine core losses. 20 

2.  describes losses depending linearly on output power and is a consequence of: 21 
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 Conduction losses in power switches, since diodes and IGBT are mainly characterized 1 

by a threshold voltage; 2 

 Switching losses in power switches. 3 

3.  defines losses with a quadratic dependency. This includes: 4 

 Winding and DC capacitor Joule losses;    5 

 Switch losses due to power switches’ dynamic resistance. 6 

Regarding the output power, system power efficiency is defined as: 7 

 ⁄  (2) 

As results of (1), (2) yields an output power – efficiency curve starting from zero at a very small 8 

output power, then increasing up to a maximum of 1 2   9 

for , ⁄  and finally decreasing for greater powers. The maximal efficiency point 10 

 depends on the three aforementioned parameters  ,  and . 11 

In the case of several converters that can share the total power, it is possible to adjust these three 12 

parameters. Indeed, regarding the same output power, using two converters instead of one has the 13 

effect of: 14 

1. Roughly doubling  if only IGBT drivers and parasitic capacitances are considered; 15 

2. Leaving  unchanged; 16 

3. Halving , in case of an equally partitioned power. In this situation ′ 2  and ′17 

2⁄ ), the best efficiency point ′  remains unchanged but occurs at a 18 

different operating point, namely an output power twice as large as the previous optimal 19 

power. Thus, by adjusting the number of converters in operation at the intersection of the 20 

efficiency curves, the resulting global power efficiency curve can be much flatter, leading 21 

to a wider high-efficiency range. 22 
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Indeed, for partial load conditions, as quadratic losses are low, it is more suitable to reduce the 1 

constant factor ( ) by limiting the number of converters in operation. On the other hand, for 2 

high current loads, it is worth using all the available converters in order to lower quadratic losses, 3 

which have a significant impact. Fig. 2 provides a schematic overview of such a strategy in the 4 

theoretical case of a converter made of two parallel cells. Each cell can be enabled or inhibited 5 

depending on the delivered power. Fig. 3 provides a part of an INTERSIL datasheet device, 6 

named ISL78225 [43]. It enables optimal control of a 4-phase DC/DC converter: the power 7 

efficiency can reach a value higher than 95% over a wide power range 7⁄ .    8 

This overview shows that with efficiency optimization goal, sharing the instantaneous power 9 

between one, two or three phases is a pertinent degree of freedom to consider. 10 

 11 

Fig. 2: 2-Module Power Converter efficiency regarding the strategy used.  12 
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 1 

Fig. 3: 4-cell interleaved boost driven by ISL78225 control device (datasheet of INTERSIL 2 

[43]).  3 

The main idea developed in this paper consists in extending this power partitioning principle to a 4 

motor drive. The 3H-bridge topology of the inverter of this drive (Fig.  1) makes it possible to 5 

operate on one, two or three phases of the machine. The power partitioning can therefore be 6 

obtained by turning on successively, in synchronism with the rotor position, 7 

 phase , phase  then phase  for a one-phase operation 8 

 phases , , phases ,  then phases ,  for two-phase operation 9 

or by feeding, conventionally, the three phases of the machine continuously in case of three-10 

phase operation. For each configuration, an optimal phase-current waveform can be calculated to 11 

maximize the global efficiency of the system. The waveforms can be analytically defined using 12 

the Lagrange multipliers method.    13 

2.2. Method for determining optimal current waveform 14 

The aim is to shape the best current waveform in order to cancel torque ripple and achieve the 15 

lowest losses in the inverter-machine combination. This dual objective can be translated as a 16 
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constraint of invariance in time of the instantaneous electromagnetic power (3) and the 1 

minimization of the sum of the effective currents in the three drive phases (4). 2 

 . . .  (3) 

 min , , ,  (4) 

It is therefore a minimization problem (4) under a unique equality constraint (3) which can thus 3 

be addressed using a single Lagrange multiplier . From a formal point of view, the three curves 4 

specifying the three currents  (with  to ) over one electric revolution ( ) can be 5 

considered as three functions (5) with a 0	; 2  domain of definition and an image in R.    6 

 :
0 ; 2 →

⟼
 (5) 

The equality constraint is related to a  function implicitly dependent on : 7 

 , ,  (6) 

The performance criterion refers directly to a  functional defined as: 8 

 :		

Ω																	 →

	 													 ⟼ , , .  (7) 

Where  is the function implicitly dependent on  described as: 9 

 , ,  (8) 

The Lagrange method based on the calculus of variations requires to define a Lagrange function 10 

 and an extended functional  [44-46]: 11 

 , , , , , , ,  (9) 

A necessary condition for finding four consistent curves  ,  ,  and  is to 12 

cancel functional derivative of . This lead to satisfy the set of 4 equations: 13 
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2. . 0

2. . 0

2. . 0

. . . 0

 (10)

Where the extended function is defined as: . 1 

Solving this Euler-Lagrange equation obtains the phase-current shapes. The following section 2 

gives the results for the three modes mentioned previously in the introduction of section 2 and 3 

evaluates their performances against the conventional three-phase sinusoidal mode. 4 

3. OPTIMAL CURRENT WAVEFORM FOR THE 3 MODES    5 

Based on the consideration defined above, the phase-current shapes can be calculated for the 6 

three suggested modes. To demonstrate the generality of the proposed method and the possibility 7 

to take into account any imperfections of the machine, the harmonics of the electromotive force 8 

will be considered in the following calculations. These harmonics are also taken into account 9 

when determining the reference behavior, namely, when the machine is fed by sinusoidal 10 

currents. 11 

3.1.Reference classic modes 12 

The motor back-electromotive force is a periodic function of electric angle and is not necessarily 13 

sinusoidal. For each phase, this voltage  (with  to  corresponding respectively to 0 14 

to 2) can be described by:   15 

 

Ω,
Ω
Ω

Ω √2

∙
2
3

.
2
3

 

(11)
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The Lagrange method based on the calculus of variations requires to define a Lagrange function 1 

where Ω is the motor shaft angular rotor speed and Ω  its rated value. 2 

Experimental back-electromotive forces of the test bench permanent magnet synchronous 3 

machine is given in Fig. 4. Indeed, in this figure, back-electromotive forces are actually not 4 

purely sinusoidal.      5 

 6 

Fig. 4: 3 back electromotive forces at constant speed (1500 r.min-1).  7 

In the basic case of sinusoidal currents, the average converted power is only driven by the back-8 

electromotive force’s fundamental component. Moreover if a null zero sequence condition is 9 

added for the current calculation, a given torque  leads to the following phase current: 10 

 .
2
3

 (12)

Where T Ω 3 Ω⁄     11 

This classic mode is used as a benchmark for the other three modes.   12 
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3.2. Mode 1: phases functioning alternately 1 

This mode will be associated with small power demand, and hence, aims at condensing electric 2 

power on a single phase alternately. The current in the single phase used is minimal if the current 3 

is injected into the phase when the absolute value of the back electromotive force is the highest. 4 

Therefore this implies that one electric revolution of the machine is regularly divided into six 5 

angular sectors (Fig. 5). The optimal waveform can thus be computed on a given sector, and 6 

currents in the other sectors can be derived from this one. 7 

Studying the first sector for example ( ∈ 2⁄ 6⁄ 	; 2⁄ 6⁄ ) the optimization 8 

is written as: 9 

  (13)

 min , min .
3⁄

/
 (14)

Obviously, the solution is the unique solution of (13). Generalizing this result, phase k current  10 

is given by: 11 

 Ω⁄  (15)

Fig. 6 illustrates for -phase the first mode current waveform in comparison with the classic 12 

mode one. Obviously, each phase reference current shows abrupt variations at the beginning and 13 

at the end of the phase conduction. This pattern inherently limits the first mode to low speed. 14 

Indeed, as the current is switched on while the related back-emf is high, the current rising slope is 15 

all the more limited than the rotor angular speed his high. Conversely, at the end of the phase 16 

conduction sector, the current falling slope is increased by the electromotive force and therefore, 17 

it increases with the machine rotation speed.      18 
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 1 

Fig. 5: 6 sectors related to first mode.  2 

 3 

Fig. 6: First mode optimal current waveform compared to the classic one. 4 

3.3. Mode 2: 1 phase inhibited alternately   5 

As a consequence, for higher load, it is suitable to use two phases at the same time instead of one. 6 

Hence, the new strategy involves alternately selecting two phases and thus turning-off one phase 7 

cyclically. The losses minimization leads to choose the phase having the lowest back 8 
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electromotive force absolute value. Hence, for each specific position, the electric power is 1 

concentrated on the two phases with the highest electromagnetic potential. This also leads the 2 

division of an electric revolution into six sectors of the same size ( 3⁄ ). They are 6⁄  out of 3 

phase with the six first mode sectors. Considering the first sector ( ∈ 6⁄ ; 2⁄ ), the 4 

optimization problem is expressed as follows: 5 

  (16)

 min .
⁄

/
 (17)

This involves solving the following set of equations: 6 

 
2. . 0
2. . 0

0
 (18)

The solution is defined as follows:  7 

 Ω ⁄    ;  (19)

Despite appearances and for a given electromagnetic torque, the current shape is independent of 8 

the rotation speed, since the back electromotive force is proportional to speed. Fig. 7 shows the 9 

current of a-phase as well as the shape of the conventional mode reference current expressed in 10 

(12). As in Mode 1, each phase reference current exhibits four abrupt variations per electric 11 

period. In contrast, the magnitude of the current step is lower, namely 2.91 times smaller. 12 

Moreover, the second mode has degree of freedom meaning that it can take into account extra 13 

constraints, such as current slope limitations. This latter issue is discussed in section IV dealing 14 

with the proposed modes’ implementation. This specific feature makes it possible to use this 15 

mode with limited slew rate at higher speed.          16 
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 1 

Fig. 7: Second mode optimal current waveform compared to the classic one.  2 

3.4.Mode 3: phases functioning continuously   3 

In the case of a high load operation, it is necessary to use all phases simultaneously. It is rare for 4 

back electromotive forces to be purely sinusoidal, hence the optimal currents should also contain 5 

some harmonics. Solving (10) provides precisely the optimal waveform solution. In this mode, 6 

optimal 3-phase currents are defined as: 7 

 Ω	 ⁄  (20)

Fig. 8 illustrates the third mode optimal current shape. Note that, with the PMSM under test, it is 8 

very close to the classic one. If the zero torque ripple constraint expressed by (3) yields to infinite 9 

solutions of current waveforms, on the basis of the minimum RMS value (4) it must be concluded 10 

that the optimal waveform is not the classic sinusoidal one. Because of the presence of back-emf 11 

harmonic components, it should also be noted that the classic mode does not strictly satisfy the 12 

zero torque ripple constraint.    13 
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 1 

Fig. 8: Third mode optimal current waveform compared to the classic one.  2 

3.5. Optimization overview   3 

The open-end winding drive architecture enables the drive of each motor phase independently. 4 

Thus, it not only allows post-default operation but it also permits to optimize drive current 5 

waveform. The present section shows how to conveniently exploit the mentioned degree of 6 

freedom in normal mode with the purpose of minimizing losses. The previous section described 7 

three different modes of operation, and for each one, gave the best analytical current shape. The 8 

range of application of each mode must now be defined. This can be done by using key indicators 9 

associated to each mode. These indicators are no-load losses, amplitude and RMS value of the 10 

phase currents. The values of these indicators calculated relatively to those of the conventional 11 

operation mode for the same electromagnetic torque are given in Tab. 1. 12 

1. Clearly, Mode 1 is more suited to low-load. In this mode, no-load losses are three times 13 

lower than for conventional mode. However, the very large magnitude and RMS value of 14 
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the phase currents penalize this mode of operation by greatly increasing the Joule losses at 1 

high load. This is therefore not optimal to achieve high torque values with Mode 1. 2 

2. It is particularly interesting to note that the second mode RMS current is very similar to 3 

that of the classic mode. This means that this mode will be the best choice for a wide 4 

range of electromagnetic torques as no-load losses are, in this case, only two-thirds of the 5 

classic mode.  6 

3. Last but not least, Mode 3, corresponding to a conventional mode of operation but with 7 

optimized current waveforms, does not lead to significant differences in the RMS current. 8 

This mode does not provide a significant gain in performance and is therefore not of great 9 

interest.        10 

After this brief review, the following section intends to give a proof of concept related to these 11 

results.            12 

  13 
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 1 

Tab.1: Key indicators for each proposed modes 2 

  Indicator Mode 1 Mode 2 Mode 3 

  ,

,
 

 

1.662 

 

1.263 

 

1.059 

  ,

,
 

 

1.268 

 

1.031 

 

1.002 

  	 1
3

 
2
3

 
1 

,  and ,  and  are the relative magnitude current, effective current and no-load 3 

losses respectively. 4 

Tab. 1: Key indicators for each proposed mode. 5 

4. INNOVATIVE APPROACH PROOF OF CONCEPT    6 

An experimental test bench has been developed to validate the suggested strategy. The goal is 7 

twofold. First, it has to be shown experimentally that a simple current control scheme can track 8 

the various proposed current references. Secondly, trials should demonstrate that the innovative 9 

proposed strategy improves electromechanical conversion efficiency. 10 

4.1. Experimental Test Bench      11 

The experimental setup (Fig. 9) is built around the following devices:   12 

 A permanent magnet synchronous machine (PMSM) designed by LEROY SOMER. Its 13 

key features are summarized in Tab 2. The motor has concentrated windings (stator) and 14 

interior-magnets (rotor) as shown in Fig. 10. It can reach high speed value 15 
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(Nrated = 3500 r.min-1) in case it is fed with high voltage (in the order of 1 kV). To achieve 1 

this, a boost power converter ensuring the connection of the battery with the inverter 2 

permits to meet DC bus high voltage requirement [31]. This additional degree of freedom 3 

is not considered in this study. The present work only focuses on the optimization of the 4 

inverter degree of freedom. Consequently, the battery is directly connected to the inverter 5 

DC bus and a 300 V level leads to a base speed of 1230 r.min-1, which represents 0.35 pu; 6 

 A power inverter (ARCEL) configured in 3 full H-bridges using 6 IGBT modules (1200V 7 

/ 150 A @ 25°C). Each H-bridge output separately supplies a specific motor phase;   8 

 Sensors, namely 3 Hall effect sensors (LEM) for each phase and a 2500-pulse position 9 

encoder (IVO Industries) on the motor shaft;        10 

 An AGILENT voltage source set to 300 V with an 11 A rated current. It powers the 11 

inverter DC bus; 12 

 A 5.5-kW induction machine (IM) is mechanically coupled to the PMSM under test and is 13 

controlled using OMRON 2G2 drive in the speed control mode. Thus it provides loading 14 

onto the PMSM;     15 

 An active load (AMREL) connected to the OMRON drive dissipates the power supplied 16 

by the IM;    17 

 A host PC connected to a DSPACE real-time control system mainly composed of a 18 

DS1006 processor board, a DS3001 incremental encoder interface board and a DS5203 19 

FPGA board. This system enables to achieve analogue-to-digital conversions, the PWM 20 

vector control and current controllers. Programs to be run on this system are written by 21 

the user in a Matlab-Simulink language. The host PC also provides real time facilities to 22 

monitor the processes through Control-desk software.    23 
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 1 

Fig. 9 : Experimental setup view. 2 

 3 

Fig. 10 : PMSM structure. 4 

  5 
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 1 

TAB.2: PMSM CHARACTERISTICS 2 

 Symbol Parameter Value  

 R Stator phase resistance 1.72  

 Ld d-axis self-inductance 14 mH 

 Lq q-axis self-inductance 12.5 mH 

 L0 0-axis self-inductance 1.3 mH 

 p number of motor pole pairs 4 

 M amplitude of the induced flux 0.494 Wb 

 KSM,1 1st harmonic back-e.m.f. constant 1.417 V.s 

 KSM,3 3rd harmonic back-e.m.f. constant 0.0354 V.s 

 KSM,5 5st harmonic back-e.m.f. constant 0.0354 V.s 

 Trated Rated torque 42.5 Nm 

 Nrated Rated speed 3500 r.min-1 

 Vrated Rated voltage 970 V 

 Irated Rated current 10 A 

Tab. 2 : PMSM characteristics. 3 

 4 
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A critical point of the proposed method is the capability of the current regulators to track the 1 

suggested reference currents. Therefore the following subsection describes this issue. 2 

4.2.Implemented current regulators for each mode 3 

Fig. 11 depicts both power architecture and its related control structure. The structure and the 4 

parameters tuning of the current controllers are based on the motor's dynamics. However, the 5 

current behavior depends on the mode used. Therefore the description of the current regulators is 6 

outlined in the 3 modes considered.  7 

 8 

Fig. 11 : Control scheme of the PMSM drive. 9 

4.2.1. First mode current controller 10 

In the first mode, the motor is a single input (the unique phase voltage , with , , 	 ) 11 

single output (the related phase current ) system subject to a measured disturbance (the related 12 

electromotive force emf ). In a 60° angle sector, the current dynamic can be described by the 13 

following classical differential equation: 14 

  (21)

with L the phase self-inductance, R the phase resistance. 15 
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To tackle the current tracking issue, the combination of the back-emf compensation and an 1 

integral and proportional controller (IP), as defined in [47], is adopted. As the phase voltage is 2 

supplied by a power inverter, the IP gains are tuned to meet the conditions for validity of the 3 

above average model. This leads to adopt a closed-loop bandwidth twenty times smaller than the 4 

switching frequency, namely 1 .   5 

In the sectors where the phase has to be inhibited, all the related IGBT switches are off, while the 6 

integral value is imposed to zero permitting a good starting transient behavior when the phase is 7 

switch on again. When the phase is switched off, the related diodes ensured the continuity of 8 

current and also permits the most efficient and rapid extinction of the current in the phase.  9 

Figure 12 summarizes the implementation of the first mode current controller.   10 

 11 

Fig. 12 : Current controller of the first mode. 12 
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4.2.2. Second mode current controller 1 

In the second mode, the motor is a multivariable system with two inputs and two outputs, the two 2 

conducting phase voltages and currents respectively. In a 60° angle sector, the current dynamic is 3 

governed by the following differential equation: 4 

  (22)

with M the mutual inductance between two conducting phases, and ,  being one of the 5 

following couple: , , ,  , , .  6 

The proposed control strategy is similarly based on IP regulator combined with emf 7 

compensation. To do so, the linear dynamic model has to be decoupled using a specific 8 

transform. Based on linear algebra, and more specifically on matrix diagonalization and eigen 9 

decomposition, the following matrix transform is suggested: 10 

 
1

√2
1 1
1 1

 (23)

It leads to the decoupled model in the new frame , : 11 

 0
0

 (24)

Using these virtual values, the current control design is fully similar to the first mode one. 12 

Figure 13 shows an overview of the second mode current controller.  13 
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 1 

Fig. 13 : Current controller of the second mode. 2 

4.2.3. Third mode current controller 3 

In the third mode, the motor is a multivariable system with three inputs and three outputs 4 

described by the following 3-equations system: 5 

  (25)

This current control issue has already been studied in many research works using classic Park 6 

transform [42]. The key feature of this power architecture is that the zero sequence mode has also 7 

to be controlled, which is challenging because the zero sequence inductance L0 is small leading to 8 

fast natural dynamic and high current ripples due to inverter switching [42,43,47]. Figure 14 9 

depicts the third mode current controller.   10 
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 1 

Fig. 14 : Current controller of the third mode. 2 

 3 

Several tests are conducted and analyzed using this experimental setup and the current regulators 4 

explained above. 5 

4.3. Self-control modes behavior      6 

The first goal of the experiments is to test the ability of the implemented control scheme to track 7 

the current reference efficiently in the three suggested modes. Trials presented in this section are 8 

performed under the same rotation speed, i.e. 150	r	min  and 600	r	min . At the 9 

first speed ( ), Fig. 15 shows the 3-phase currents of each mode, which produce the same 10 

average electromagnetic torque (i.e. 0.706	 ). It also shows the instantaneous motor 11 

torque. The oscilloscope is triggered when the electric angle reaches π value. In each situation, it 12 

is clear that the real-time control implementation enables to track precisely the related reference. 13 
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To produce the same torque, peak and RMS currents are decreasing from first to third mode. 1 

These results are consistent with the theoretical study (see Tab. 3).     2 

However, it may also be noticed that in Modes 1 and 2, the current shape presents slight 3 

differences during a small duration at the switching time between two different sectors: 4 

First, switching from a sector to another requires steep current edges, which are difficult to track 5 

with a limited DC bus voltage. In the first two modes, this problem results in the small switching 6 

time required to reach the current reference when the current starts from zero. As the energy 7 

optimization has led to select a phase conduction regarding its back-emf, it is important to notice 8 

that the back-emf value contributes to improve the current decay. Conversely, the emf value 9 

reduces the ability of the inverter to enforce a high current rising slope. It is for this latter reason 10 

that the first two modes are intrinsically limited to low speed. Indeed, the back-emf magnitude 11 

increases with speed linearly. As a consequence, the real currents show an asymmetrical 12 

waveform different to the symmetrical references. This mismatch increases with motor speed.   13 

Secondly, magnetic couplings inside the motor may lead briefly to unwanted current behavior. In 14 

Mode 1, this is noticeable during the current impulse occurring in the inhibited phase while the 15 

current in the two other phases switches. Regarding the second mode, this is also visible in the 16 

slight overcurrent occurring in the turn-on phase during a sector switch. 17 

The discrepancy between current references and real currents explains the torque ripple which 18 

occurs at each sector switching. This phenomenon becomes more pronounced as speed increases 19 

as illustrated by Fig. 16. With regard to Mode 1, as the current waveform solution is unique, it 20 

does not make it possible to consider suboptimal solutions at high speed. Consequently Mode 1 is 21 

limited to the low speed range. Conversely, Mode 2 presents a degree of freedom which was first 22 
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used for minimizing the current RMS value by focusing solely on achieving a constant torque. 1 

However, the chosen constraint can be modified leading to a different solution.  2 

That is the reason why the next subsection suggests an enhancement of Mode 2 at high speed 3 

while subsection 4.5 analyses losses measurement with the aim of assessing the real profits of 4 

using such an approach, despite its small imperfections.     5 

Tab.3: MEASURED CURRENT CHARACTERISTICS 6 

  Current Mode 1 Mode 2  Mode 3  

  Magnitude 13.5 A 10.5 A 8.8 A 

  RMS 8.718 A 7.062 A 6.840 A 

@ 150 r.min-1 and 30 Nm. 7 

Tab. 3: Measured current characteristics. 8 

  9 
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 1 

 2 

 3 

Fig. 15 :  3-phase current and related torque in the 3 suggested modes at 	 	 .  4 

  5 
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 1 

 2 

 3 

Fig. 16 :  3-phase current and related torque in the 3 suggested modes at 	 	 .  4 

 5 
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4.4. Mode 2 with limited slew rate (Mode 2,lsr)     1 

As noted in the description of previous experiments, the starting current edge is intrinsically all 2 

the more difficult to achieve than the motor speed increases. Nonetheless, using 1 phase inhibited 3 

alternately strategy allows to meet the constraint of a constant instantaneous torque with 4 

unlimited possibilities. Consequently it is possible to consider extra constraints like the limited 5 

current slope due to finite DC bus voltage. Specifically, while the speed increases, the actual 6 

current waveform becomes too asymmetrical and it is better to modify the constraint in order to 7 

guarantee a real zero torque ripple. This new mode is called Mode 2,lsr for Mode 2 with limited 8 

slew rate. To achieve this, it is then mandatory to start each phase conduction from a zero current 9 

and to constraint the current rate in a given range around zero, while still enforcing continuous 10 

constant torque. The optimization problem is now expressed as follows: 11 

  (26)

 min .
⁄

/
 (27)

 /6 0 and 2⁄ /6  (28)

 ⁄  (29)

Note that setting the first initial current  to zero imposes the second initial current  to zero 12 

using (26); this latter is obviously the final condition of the first current.  13 

This optimization problem can be easily solved numerically by discretizing the electric angle . It 14 

was done for various slew rate range. In case of 1.5 3⁄⁄ , 15 

Fig. 17 shows the experimental value of the motor torque and the related 3-phase currents at  16 

and 0.706	 . The symmetrical current waveform and consequently the absence of torque 17 

ripple are reflected in Fig. 17. It also shows that the current has three behaviors on a half 18 
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conduction sector: it is first limited in slew rate, then follows a curve similar to Mode 2 1 

waveform and finally has a restricted slope. As a consequence, Mode 2,lsr is a good option for 2 

increasing the speed range of the studied power partitioning strategy of motor drives.        3 

To illustrate the good dynamic behavior of the suggested modes, it is chosen to show the torque 4 

tracking while connecting the torque reference to a square-wave generator having a frequency of 5 

20 Hz, a minimum value of 0.24 pu and a maximum value of 0.71 pu. Fig 18 shows expected 6 

behavior of currents and torque. Specifically, the torque response time is in the range of a 7 

millisecond, as expected.      8 

 9 

Fig. 17 :  3-phase current and related torque in Mode 2,lsr in steady state at 10 

	 	 .  11 
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 1 

Fig. 18 :  3-phase current and related torque in Mode 2,lsr while tracking torque reference 2 

steps at 	 	 .  3 

 4 

4.5. Losses measurements      5 

Remaining in steady state operation, the four different mode operation have been assessed at 6 

different torque demands and using a constant speed. Results are illustrated in Fig. 19 in the case 7 

of 150	r	min . The four solid lines represent the measured overall losses, in each mode in 8 

the case of effective current lower than the motor rated value. Measures beyond the rated value 9 

are also displayed using magenta circles (Mode 1), blue crosses (Mode 2), green stars 10 

(Mode 2,slr) and red triangles (Mode 3). The classic mode is tested too but is not shown here, 11 

since its losses are very close to those of Mode 3.     12 
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 1 

Fig. 19 : PMSM drive overall losses in the 4 suggested modes at constant speed (@2 

	 	 ). 3 

It may be observed that for low torques, total losses are greater when more phases operate. Thus, 4 

under these operating conditions, the mode that appears best for good performance in term of 5 

power losses is the Mode 1. This confirms the theoretical results. However, the use of Mode 1 6 

involves more quadratic losses in comparison with the other two modes of operation. Therefore 7 

overall losses in Mode 2 become lower than in Mode 1 above a threshold value of 0.65 pu. 8 

Above this middle-value, it is better to select Mode 2,slr. Indeed Mode 2,lsr presents similar 9 

losses to those of Mode 2, except in high current RMS values. Mode 2,lsr also produces a slightly 10 

smaller torque at the rated current level. These features are not surprising, given the fact that the 11 

number of phases conducting simultaneously is identical and the current waveforms are roughly 12 

similar. The partial discrepancy leads to a slightly higher RMS value for Mode 2,slr than for 13 

Mode 2. Conversely it also enables to use Mode 2,slr at higher speed which is indeed a definite 14 

advantage to this latter suggested mode. In addition, because of the rated current (10 A), the 15 
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maximum torque value achieved in Mode 1 is limited to 0.85 pu, whereas Mode  2 enables 1 

0.97 pu and Mode 3 reaches 1.03 pu. Losses in Mode 3 change almost linearly with torque 2 

increments. To discern the intersection of the curves corresponding to Mode 2 and Mode 3, it is 3 

necessary for the current in the phases to exceed the rated value. 4 

Surprisingly, losses in Mode 3 are higher than expected. Indeed, for high-load, where quadratic 5 

losses are dominant, Mode 2 and Mode 3 were expected to lead to very similar losses. However, 6 

in Mode 3, the three phases of the machine are fed simultaneously, currents in the machine are 7 

therefore defined by the response of two equivalent fictitious machines, namely the main 8 

machine and the zero-sequence machine. As the zero-sequence inductance is low (roughly a tenth 9 

of the phase self-inductance), the machine is, in Mode 3, subject to higher currents at the 10 

switching frequency, due to zero-sequence voltages generated by the inverter, and therefore this 11 

mode leads to much higher losses than in the two other modes. However, it may be noted that 12 

Mode 3 is mandatory to implement high torques. 13 

5. CONCLUSION AND PERSPECTIVES 14 

This paper studies the combination of a 3-phase open-end winding synchronous machine and a 15 

3H-bridge inverter. This motor drive architecture, covered by several patents owned by VALEO 16 

group, provides degrees of freedom. One of its principal characteristics is its capability to be fault 17 

tolerant.  18 

The original feature in the innovative approach is based on the optimization of the drive normal 19 

operation mode. It makes better use of the architecture degrees of freedom. The idea consists in 20 

adjusting the number of phases in use to the demanded torque. By so doing, the power efficiency 21 

at low torque operating points has been increased significantly. For instance, at half rated torque 22 

(21.25 Nm) the global losses have been diminished by one-third (Fig. 19).    23 
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The optimization method is based on the control-oriented model of the synchronous machine. It 1 

relies on a general approach using the Euler-Lagrange method. The result is an analytical solution 2 

and is easy to adjust to various synchronous motors because it is based on a generic formulation.      3 

An experimental setup enables to validate the theoretical considerations. First, it allows to prove 4 

that the drive control scheme is able to track the innovative optimal current references in each of 5 

the three proposed modes. Overall losses measurements show the benefit of Mode 1 for low 6 

torques and Mode 2 for middle torques. Mode 3 is very close to basic sinusoidal mode and allows 7 

to produce high torques.    8 

A future work perspective is to better understand the impact of the various PWM vector 9 

modulations on the drive overall losses and design an energy management strategy. Additionally, 10 

future research should focus on the PMSM local behavior while operating in Modes 1 or 2 at high 11 

current rms value. The issue is that it has to be ascertained whether there are no local core 12 

saturation and possibly refine the PMSM design accordingly. At this stage of the analysis, only 13 

large-scale phenomena can be observed. Looking at losses, torque response and voltage 14 

waveforms show no core saturation. This further study will specify this issue and identify 15 

remedial action for developing a final product.   16 

 17 
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