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Abstract: This paper presents a study of control strategies for 5-phase permanent magnet
synchronous motors (PMSMs) supplied by a five-leg voltage source inverter. Based on
the vectorial decomposition of the multi-phase machine, fictitious machines, magnetically
decoupled, allow a more adequate control. In this paper, our study focuses on the vector
control of a multi-phase machine using a linear proportional-integral-derivative (PID)
current regulator in the cases of sinusoidal and trapezoidal back-electromotive force (EMF)
waveforms. In order to determine currents’ references, two strategies are adopted. First
one aims to minimize copper losses under constant torque, while the second one targets
to increase torque for a given copper losses. These techniques are tested under a variable
speed control strategy based on a proportional-integral (PI) regulator and experimentally
validated.
Key words: control strategy, constant torque, current references, minimum copper losses,
modeling, multi-phase machine

1. Introduction
The 3-phase electric machines fed by voltage source inverters (VSIs) enable command to get
good performances, but when the power increases, problems occur especially at the switches,
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which carry important currents. To handle this issue, a synchronous machine with a large number of phases seems to be a good solution. Indeed, on the one hand, multiplying the number
of phases allows splitting the total power between the diﬀerent phases. So, it allows the reduction of the stator current per phase and the stresses on the switches. On the other hand, the
use of the multi-phase machine ensures greater fault tolerance with reduced torque ripples and
improves acoustic behavior [1–3]. For this reason, the multi-phase drives are widely used in
aerospace systems and marine. The recent development of power semiconductors as insulated
gate bipolar transistors (IGBTs), allows the robust control of these multi-phase machines under diﬀerent operating conditions [2–7]. Moreover, conventional designs lead to non-sinusoidal
back-electromotive force (EMF) rather than sinusoidal EMF, in the case of a permanent magnet (PM) machine (classically trapezoidal EMF). In this case the use of the multi-phase PM
machines gives the possibility of using other harmonics of the EMF than the first one, in order to increase the torque density. For example, this can be done using harmonic injection
(3rd harmonic or higher harmonics) in the current references. Thus, the use of a motor with
non-sinusoidal electromotive force can be an attractive solution for special applications such as
aerospace or marine propulsion, where very compact systems are needed [7, 8]. In the multiphase machines, the torque ripples are smoothed, and the maximum torque is higher than a 3phase motor under the same conditions with the same power, even in the case of serious faults
[4, 6, 13].
In this paper, the first section describes a mathematical model of a 5-phase synchronous
motor, as well as the vectorial decomposition of the multi-phase machine to equivalent 2-phase
and 1-phase machines. Then, a method to determine optimal reference currents for the motor in
a normal mode is presented. These references are calculated to minimize the copper losses for a
given constant torque. This solution is characterized by strongly non-sinusoidal current references
with high dynamics. Therefore, the proposed mathematical model allows for the transformation
of the variable in time phase-current references into constant current references in a steady state.
This is why, even if a 3rd current harmonic injection mode is used, it is possible, using this
approach, to associate this optimal current reference generation with a classic and eﬃcient PID
controller, which appears to be particularly suited to this case. This global strategy has been
implemented in a low power, lab scale, PM 5-phase machine supplied by a DSP controlled VSI.
Before concluding, experimental results are presented to highlight the good tracking performances
under the proposed control strategies.

2. Modeling multi-phase machine
Fig. 1 gives the structure of the studied system. A 5-leg pulsewidth modulation (PWM) inverter
[1, 4, 10] supplies a PM 5-phase synchronous machine. The aim of this section is to present,
how the 5-phase machine electrical model can be transformed in two 2-phase and one 1-phase
equivalent machine models, in order to make the control simple and robust; these machines are
magnetically decoupled and mechanically coupled.
The mathematical model of the 5-phase motor that describes the electrical behavior of this
machine in a natural base will be firstly presented.
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Fig. 1. Schematic of 5-phase PM machine supplied by a VSI drive

The electric equation of a 5-phase PM synchronous machine in the natural base is given by
the following expression, (1), for each phase (here the k-th phase).
vk = Rs i s +

dΦsk
+ ek ,
dt

(1)

where Rs is the resistance of a stator phase, Φsk is the stator flux vector created in the k-th phase
by stator currents and ek is the EMF induced in this phase by the permanent magnet rotor motion.
The hypothesis of non-saturation, no saliency eﬀects and phase angular regularity, makes possible
to define a relation between the current vector and the stator flux vector, so we have (2):
Φs = λ(i),




[ n]
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where L is the self-inductance of one phase, M1 is the mutual inductance between two adjacent
2π
phases (electrical shift
angle) and M2 is the mutual inductance between two non-adjacent
5
4π
phases (shifted with
electrical angle).
5
The magnetic coupling between phases makes the direct control of the machine more complex
and, therefore, it is necessary to identify a new frame in which the flux is expressed only
according to the currents. In this new frame, the phases are magnetically decoupled by applying
the generalized Concordia transform, defined in [6, 11, 12]. In this new frame the inductance
matrix [Lns ], is in diagonal shape. Hence, (1) can be decomposed in three independent sets of
equations in two 2D and one 1D sub-frames. These 3 sets of an electrical equation can be seen
as the electrical equations, corresponding to one 1-phase and two 2-phase machines. These three
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machines are called a zero sequence machine, primary and secondary machines with [z], [α p, β p ],
[α s, βs ] notations, respectively (3):
diz



vz = Rz iz + Λz
+ ez



dt




 vαβ = Rs iαβ + Λ p diαβ p + eαβ .
p
p
p


dt




di


 vαβs = Rs iαβs + Λs αβs + eαβs

dt

(3)

– The zero-sequence sub-system, is characterized by a cyclic inductance Λz .
– The main sub-system is characterized by a cyclic inductance Λ p .
– The secondary sub-system is characterized by a cyclic inductance Λs .
[ ]
– These inductances are the eigenvalues of the inductance matrix Lns .
By considering the machine to be star-coupled, the zero sequence component of current is
zero. Moreover, it is possible to control the main machine and secondary machine independently,
since both machines are magnetically decoupled, the system behaves as if there are two diﬀerent
machines mechanically coupled. In fact, signals (electromotive forces, voltage, currents) are
projected by families of harmonics into these sub-spaces. The harmonics 1, 9 and 11 project in
the main plane, the harmonics 3, 7 and 13 in the secondary plane and the multiples harmonics of
5 on the homopolar straight (6). It can be easily demonstrated that each time and space harmonics
of the current, flux and voltage are associated with a particular sub-system [4, 13], as shown in
Table 1. So, we can then consider that the main and secondary machines have p and 3p pairs of
poles, respectively. Therefore, the command of the 5-phase permanent magnet motor is made by
applying two Park transforms to each of the 2-phase sub-systems (s and p) given by (4). These
transforms lead to define two d−q rotating frames, the first one, (d−q) p that corresponds to
the first harmonics and rotates at ω, and the second one, (d−q)s that corresponds to the third
harmonics and rotates at −3ω.






























d Idp
dt
d Iqp
vqp = Rs Iqp + ωΛ p Idp + Eqp + Λ p
dt
.
d Ids
vds = Rs Ids − 3ωΛs Iqs + Eds + Λs
dt
d Iqs
vqs = Rs Iqs + ωΛs Ids + Eqs + Λs
dt
vdp = Rs Idp − ωΛ p Iqp + Edp + Λ p

(4)

Expression of the FEM
A classical PM machine has trapezoidal EMF. Fig. 2 presents the waveform of the EMF of
such a 5-phase PM machine. This EMF waveform corresponds to experimental measurements in
a 5-phase PM machine (Fig. 5). Table 1 presents the harmonic contents of this EMF waveform.
It shows that the 3rd harmonic is 23% of the amplitude of the fundamental and the 7th harmonic
represents 3.5% of the 3rd harmonic.
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Fig. 2. Back-EMF of the experimental 5-phase PM-machine

Table 1. Harmonic decomposition of back EMF of one phase
1

3

5

7

100

23

7.31

0.82

Order of harmonic
Relative RMS amplitude

The back EMF vector in the natural frame (phase frame) can be written as:
ek =

(
)
2π
E h sin h(pθ − (k − 1)
.
5
h=1

∞
∑

(5)

Equations of the EMFs in the sub-systems after the generalized Concordia transform are
given by:
∑


ez =
E h sin(hpθ)xz, h = 5, 15, . . .




h

√



)

5∑ h(


E sin(hpθ)xpα − cos(hpθ)xpβ , h = 1, 9, . . . ,
 ep =
(6)
h
2



√


)


5∑ h(


E sin(hpθ)xsα + cos(hpθ)xsβ , h = 3, 7, . . .

 es = 2

h

where E h is the peak value of the h-th harmonic of the EMF.
Expression of electromagnetic torque
If a wye connection is used, the electromagnetic torque developed by the machine is equal to:
Tem =

e.i
= Tp + Ts ,
Ω

(7)
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e.i
= εi.
Ω
Tp and Ts are the torque of primary and secondary machines, respectively, and with ε the speed
normalized back electromotive force vector:
On the other hand, the mechanical dynamic equation is:
Tem =

Tem =

dΩ
e.i
= Tp + Ts = J
+ f Ω.
Ω
dt

(8)

This set of equations allows characterizing the electromechanical behavior of the studied
5-phase PM machine.

3. Current reference extraction
Generally, in normal operations, the maximum torque per ampere strategy is used to determine
the optimal current references of each phase [13]. In a 5-phase PM machine, if this strategy is
applied considering (6), only the 1st and 3rd harmonics of the EMF can be used with two rotating
frames. In this case, at a steady state and normal mode the current references are constant in
the two d–q rotating frames. Thus, it is possible at normal operation to use a PID controller
that allows good tracking performances of the current references. In this work, we consider only
healthy mode, with two cases of operation. We can control the main and secondary machine
simultaneously with diﬀerent current references. First, the main machine is used alone to produce
the torque by imposing a current following the axis-q of the main machine I pq , then we have:
I ps = 0 A at T0 (I pq = I).
Case 1: constant torque with copper loss minimization. By keeping the same reference torque
(T1 (I ′ ) = T0 ), while controlling the two machines simultaneously with new references of currents
in order to reduce copper losses, we can write:
T1 = T0 = Tp′ + Ts′ ,
′
T0 = εi = ε pq I pq
+ ε sq Is′ .

(9)

In order to guarantee the collinearity between the current vector and the FEM, the following
ratio is imposed:
′
Isq
ε sq
=
= 0.23.
(10)
′
I pq
ε pq
From (7) and (8), we deduce that:
I pq
T0

′


I pq
=
=


1.053ε pq
1.053 .


 I ′ = 0.23I ′
pq
 sq

(11)

Case 2: Increased torque to given copper losses. In case 1, we have improved the eﬃciency of
the machine for a given torque. By changing the reference currents of the machine, we will always
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increase the torque to T2 (I ′′ ) for given copper losses. The new reference currents are calculated
as follows:
I pq

′′

√

I pq
=√

′′
′′
1.053 .
I pq = I pq + Isq . We deduce : 
(12)


 ′′
′′
 Isq = 0.23I pq

4. Control scheme
Current control loop
The control loop of the secondary and main machine currents is made in the two d–q rotating
frame as defined in paragraph 3. In this case classic controllers are able to track the current
references (Fig. 3) which are constants in a steady state, this leads to a constant torque in the
steady state. In Equation (4), the crossing terms introduced by the Park transformation and the
back-EMFs are considered as disturbances, which can be compensated without diﬃculty. Based
on these equations, the transfer function of an open loop system along the q−axis in the case of
the main machine is given by:
1
Rs
,
(13)
G1B0 (p) =
Λp
1+
p
Rs
Λp
as the electrical time constant of the primary machine. The current measurements
Rs
can be noisy, so a 1st order low-pass filter is associated with the current sensor. Its transfer
function is:
1
G FT (p) =
.
(14)
1 + τf p
with τp =

Hence, the transfer function of the open-loop system becomes:
1
Rs
G2B0 (p) = G FT (p) G1B0 (p) =
.
(1 + τf p)(1 + τp p)

(15)

The transfer function of the PID controller is HPID given by:



Td p 
1
.
+
HPID (p) = 1 +
Td 
Ti p

1+
p

N 

(16)

By identifying the transfer function in the closed loop as a 2nd order, we determine the parameters of a well-tuned PID controller. In our case, the cut oﬀ frequency is fixed at
f c = ωc /2π = 1000 Hz and ξ c at 0.7. The same control procedure is applied for the secondary machine. We note that when speed increases or in the case of a fault (as open phase
faults), classical linear controllers (as PID) cannot provide a correct tracking of the reference in
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the natural base or in d–q frames. It is necessary to ensure a good tracking by using non-linear
control strategies. The most common non-linear control strategy is the hysteresis control mode,
which was implemented with success in [13]. Under an open circuit fault condition, torque ripples appear with this classical control. These ripples are linked to the interaction between the
non-symmetrical system of currents and the symmetric system of electromotive forces. To avoid
these torque ripples, an adaptive method to determine current references is described in [12, 13].

Fig. 3. Block diagram of the current control (Iq–p)

Speed loop control
Fig. 4 shows the control block diagram of the proposed system. The speed controller allows
one to maintain the speed at its reference value. From the mechanical equation of the machine,
(6), the transfer function of the mechanical system can be obtained as:
ω
B
1
Hv (p) =
= =
,
Tem
A
f + Jp

1
f
with: G v (p) =
.
1 + τm p

(17)

Fig. 4. Block diagram of speed control by PI controller

J
.
f
The transfer function of the closed-loop system with the PI regulator is:
(
)
kp
ki
1+
p
ki
J
G B0 (p)HPI (p)
G1 (p) =
=
.
(18)
f
+
k
1 + G B0 (p)HPI (p)
ki
p
2
p +
p+
J
J
By identifying the closed loop transfer function as a 2nd order function, the controller can be
determined as:

k = 2ξ Jωc − f

 p
.
(19)
 ki = Jω2
c

Let’s define the mechanical time constant as τm =
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5. Simulation and experimental results
Simulations were carried out in Matlab®/Simulink®environment and compared with experimental results. The presented approach has been implemented in a low power experimental
set-up. This installation is composed of a 5-phase PMSM with trapezoidal EMF and a 5-leg
DSP-controlled VSI drive. The switching frequency of the VSI is fixed at 12 kHz in all the studied
cases. Fig. 5 presents a snapshot of this experimental set-up. The overall system is controlled
by a DS1005 controller board for DSpace. The sampling time has been set at 100 µs. Figs. 6 to
9 show simulation and experimental results under normal conditions with a PID simultaneous
control of two fictitious machines in two d–q frames as presented in theory. We can see that the
simulation results (Figs. 6 and 7) are quite similar to the experimental ones (Figs. 8 and 9), apart
from the presence of high frequencies due to PWM modulation. Figs. 7 and 9 represent the case
of simultaneous control of the two fictitious machines with repartition of the torque between MM
and MS. These results show the eﬃciency of the proposed control strategy in healthy steady state
operation. This strategy combined with the PID regulator allows for good tracking of current
references and smooth torque in all the studied cases.

Fig. 5. Snapshot of the experimental test-bed (VSI is behind the computer)

(a)

(b)

Fig. 6. Simulation results: (a) current in one phase of 5- phase machine; (b) torque
(Ts = 0, only main machine is controlled)
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(b)

Fig. 7. Simulation results: (a) current in one phase of 5-phase machine; (b) torque

(a)

(b)

Fig. 8. Experimental results: (a) current in one phase of 5-phase machine; (b) torque (T s = 0)

(a)

(b)

Fig. 9. Experimental results: (a) current in one phase of 5-phase machine; (b) torque

To assess the advantage of using optimal non sinusoidal current references, the main machine
is firstly controlled alone by imposing I pq = −2.4 A and I ps = 0 A corresponding to torque T0 .
This case corresponds to Figs. 6 and 8. Fig. 10 shows the case of simultaneous control of the two
′ = −2.2792 A, and the secondary
fictitious machines, by fixing the main machine current at I pq
′
machine at Isq = 0.5242 A corresponding to torque T1 , which are presented in paragraph 4
(case 1). The simulation results are shown in Fig. 10(a) and the practical one in Fig. 10(b). It can
be seen that the torque is identical to the case when only the main machine is controlled. The copper
losses are reduced by 10% compared to the case where the main machine is controlled alone.
Figs. 11(a) and (b) show the simulation and experimental results related to case 2 of paragraph 4. The case of the simultaneous control of the two fictitious machines, by fixing the main
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(a)

(b)
Fig. 10. Maximum and constant torque developed (T1 = T0 ), case 1: (a) simulation; (b) experimental
results, P0 – copper losses when only main machine is controlled, P1 – copper losses when main and
secondary machine are controlled in the case

(a)

(b)
Fig. 11. Torque developed at given losses, case 2: (a) simulation results; (b) experimental results, P2 –
copper losses when main and secondary machine are controlled in case 2
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′ = −2.339 A, and the secondary machine at I ′ = 0.538 A, corresponding
machine current at I pq
sq
to torque T2 , which are presented in paragraph 4, case 2. It can be seen that the proposed strategy
leads to an increase of the torque by 4% (in comparison with sinusoidal current supply) for the
same copper losses.

6. Conclusion
In this paper, the modeling of a 5-phase permanent magnet motor with a trapezoidal back
EMF is presented. Then a specific transform is defined to allow easier control of the system.
This transform allows using a classic PID controller for the current loops, even if non sinusoidal
current references are used in a steady state.
The presented work shows that optimal current references including third harmonic injection
can be defined, which allows for the minimization of the Joule losses for a given torque or
maximizing the torque for given Joule losses. This strategy leads to a significant improvement of
the machine and drive compactness which can be really interesting in very high power applications.
These strategies have been validated by both simulations and experimental results obtained using
a low power test bench.
The experiment on the test bench (the tested EMF machines are quasi-sinusoidal with a 3rd
harmonics of EMF equal to 23% of the first one) has proven that the 3rd harmonic current
injection leads to a given torque, to the decrease of copper losses by 10% for a given torque and
the increase of the torque by almost 4% for given copper losses, in accordance with the presented
theory. The paper shows that the used PID controllers can be tuned by a classic method. Both
experimental and simulation results show good static and dynamic performances. These results
highlight the pertinence of the adopted strategies.
Notation
N =5
Φsk
ek
vz , i z , e z
vαβ−p
i αβ−p
eαβ−p
vαβ−s
i αβ−s
eαβ−s

Number of phases
Stator flux vector created in the k-phase
EMF induced in the k-phase by the permanent magnet rotor flux
Voltage, current and EMF vectors of zero sequence frame
Voltage vector in the main 2-phase frame
Current vectors in the main 2-phase frame
EMF vector in the main 2-phase frame
Voltage vector in the secondary 2-phase frame
Current vectors in the secondary 2-phase frame
EMF vector in the secondary 2-phase frame
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