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A MTPA Control Strategy for Mono-Inverter
Multi-PMSM System

Tianyi Liu , Maurice Fadel, Jun Li , and Xiaoyan Ma

Abstract—Making electrical driving systems cheaper, lighter,
and more reliable is the consistent pursuit of current research and
development. Mono-inverter multipermanent magnet synchronous
motor systems tend to share the static converters in electromechan-
ical systems by connecting machines in parallel. This type of system
has an obvious advantage in overall weight and cost. In this article,
we have proposed a new maximum torque per ampere (MTPA)
control strategy for a MIMPMSM system, which supports three
or more machines in parallel and works both in motor mode and
brake mode. The calculation of the MTPA point minimizing the
overall joule loss of the system is also given. The synchronization
condition, stability, and optimal efficiency of the system are strictly
proven. This new control structure is simple making current single
PMSM systems easy to upgrade to support the MIMPMSM sys-
tem. The experiment has demonstrated its feasibility, stability, and
improvements in efficiency.

Index Terms—Efficiency, multi-PMSM, stability.

I. INTRODUCTION

THE idea of connecting machines in parallel in a multi-
machines system has been proposed decades ago, as the

demand for reducing the number of components for an electrical
system is conventional. This idea has been successfully intro-
duced to a multi-induction machine (IM) system and applied to
the various purposes such as train traction [1], electric vehicle
propulsion [2].

This idea is also introduced into a multipermanent magnet
synchronous machine (PMSM) system with the popularity of
PMSM, for seeking improvement in the system dynamic and
efficiency. In some applications, such as cooling fan [3] or
pump driving [4], multiple PMSMs are performing the same
task, usually with the same speed in steady state while less
dynamic performance is required [5]. Considering that PMSM
is synchronous to the inverter voltage frequency, they can also be
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Fig. 1. n-PMSM connect to a 2-level 3-leg inverter.

connected in parallel to share the same inverter, which attracts
many researchers’ interest.

A parallel IM system is naturally stable because IM’s torque
is proportional to its slip-speed. While a parallel PMSM system
(see Fig. 1) has an inherent stability problem. In previous studies,
researchers decided to start with the simplest case of such a
system: 2 machines, which is called mono-inverter dual-PMSM
system (MIDPMSM), to explore the possibility of controlling
it. Among these research works, in [6]–[11], the authors have
proposed to use the average value of the speed, position, and
current of two machines. Besides, the master–slave strategy
[12]–[15], tends to control only one of the two machines. On the
other hand, model predictive control (MPC) [16]–[18] also gives
another possible solution to the control problem. The feasibility,
controllability of these control strategies have been well verified
[19]–[20]. Moreover, the efficiency optimization problem of
a MIDPMSM system that minimizes the joules losses is also
studied in [13] and [14]. The feasibility, controllability, and
efficiency problem of this system have been well studied but
under the following limitations:

1) only two machines can be connected parallelly;
2) machines only work in motor region.
These limitations have created some obstacles in putting the

multi-PMSMs system into practice, because in actual applica-
tion, such as cooling fan, pump driving, or conveyor belt, it may
happen that more than two machines are needed. This limits
the possibility to further reduce the electric components in the
system.

0885-8993 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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The brake condition is not well addressed in the current
parallel-PMSM research works, which is required in high inertial
application or energy recovering [24]–[26]. This insufficiency
limits the working range and makes the system risky or un-
stable. In a single PMSM system, the brake mechanism is
not mandatory if slowing down passively (i.e., by mechanical
brake) is acceptable. But, for a MIMPMSM system, the load
and friction conditions are not the same to all machines. These
machines will slow down at different speed and the system loses
synchronization. Also, it would be interesting to extend such
a system to multigenerator applications, such as wind turbines
[27]–[28], multiple generators can share the same ac–dc inverter
then connect to the grid.

Meanwhile, some research works have contributed to the
control problem of a general parallel-PMSM system, monoin-
verter multi-PMSM (MIMPMSM) system, when more than two
machines are involved. In [21], Yamada et al. have proposed
an interesting idea to this problem by using an amplitude
modulation technique. But the demodulation network, which
requires high power inductance and capacitor, also increases the
total weight of the system and makes a drawback in the initial
purpose of a parallel PMSM system. Nagano et al. [22] have used
the open-loop V/f control method. Each machine is equipped
with damping winding to solve the in-stable problem of the V/f
method. A small auxiliary inverter is connected to the damping
winding to create a damping effect. In [23], Liu and Fadel have
proposed a control strategy to the MIMPMSM system without
modifying or adding electrical components. This article is very
basic as it only gives a simulation test. The actual feasibility,
stability, robustness, and performance of this proposition are
still unclear.

In this article, we proposed a new maximum torque per
ampere (MTPA) control strategy for a MIMPMSM system,
which works both in motor mode and brake mode. Its princi-
ple, synchronization condition, stability, robustness, dynamic
performance, and efficiency are well expounded and verified by
experiment.

This article is organized as follows: In Section II, the steady-
state model of a general MIMPMSM is defined, then the con-
trol characteristic is discussed through constraint analysis of
the steady-state model. In Section III, the control strategy is
presented. Its synchronization condition, stability, robustness,
and efficiency problem are addressed. Section IV presents var-
ious experimental test to the proposed control strategy to illus-
trate its stability, robustness, and effectiveness of the efficiency
optimization.

II. CONTROL CHARACTERISTIC OF A MIMPMSM SYSTEM

The controller designed in this article bases on the steady-
state model of a MIMPMSM system. It must be defined be-
fore proceeding to the analysis. Then, though analyzing the
model structure, the control variable of the control strategy is
determined.

A. Steady-State Model of the MIMPMSM System

In this model, a nonsalient pole PMSM that has sinusoidal
electromotive force is considered. The magnetic loss and cog-
ging torque are neglected. Consider that there are N (N ≥ 3)
machines involved in the system, each machine is assigned with
a unique index from 1 to N and represented by M1 · · ·MN .
Defining the d axis of a d-q coordinate aligns with the flux of
the rotor, the steady-state model of M1 can be expressed as[

V d1

V q1

]
=

[
Rs −Lsωe

Lsωe Rs

] [
Id1

Iq1

]
+

[
0

ωeϕp

]
(1)

where
Vd, Vq: stator Voltage in d-q frame;
Id, Iq: stator Current in d-q frame;
Ls: stator phase windings inductance;
ϕp: permanent magnets flux;
Rs: stator phase resistance;
ωe: electrical speed.

The electrical torque is then given as

T e1 = NpϕpIq1. (2)

For anyone of the rest machines, which is expressed by
Mk, k ∈ [2,N], Ṽdq must be mapped into its coordinate since
there is electrical angle displacement between two machines.
To define θdk = θk − θ1, where θ1 and θk correspond to the
electrical angle of each machine, the steady-state model of Mk

can be expressed as[
cosθdk sinθdk

− sinθdk cosθdk

] [
V d1

V q1

]
=

[
Rs −Lsωe

Lsωe Rs

] [
Idk

Iqk

]

+

[
0

ωeϕp

]
. (3)

Consider that in actual applications described in this article,
the same types of PMSMs are usually used, it is assumed that
all machines have the same parameters and operate at the same
speed in steady state. By merging model ofM1∼MN, the steady-
state model of a MIMPMSM system can be obtained (4) shown
at the bottom of this page.

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0
0 1

cos θd2 sin θd2
− sin θd2 cos θd2

...
...

cos θdN sin θdN
− sin θdN cos θdN

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
2×2N

[
Vd1

Vq1

]
=

⎡
⎢⎢⎢⎢⎢⎣

Rs −Lsωe · · · 0 0
Lsωe Rs · · · 0 0

...
...

. . .
...

...
0 0 · · · Rs −Lsωe

0 0 · · · Lsωe Rs

⎤
⎥⎥⎥⎥⎥⎦
2N×2N

⎡
⎢⎢⎢⎢⎢⎣
Id1
Iq1

...
IdN
IqN

⎤
⎥⎥⎥⎥⎥⎦
1×2N

+

⎡
⎢⎢⎢⎢⎢⎣
0
ωeϕp

...
0
ωeϕp

⎤
⎥⎥⎥⎥⎥⎦
1×2N

(4)
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Due to the structure of a 2-level 3-legs inverter, the leg is
either connected to Vdc or 0. The dc bus is thought to have
enough capacity that supplies or absorbs the power. This means
that machines are fully decoupled, there is not power circulation
among machines.

B. Control Variable Selection

The control variable selection problem is essential in a
MIMPMSM system as strong coupling presents in it. Here, the
constraint analysis method is used. Control is feasible when
and only voltage solution exists for desired torque (Iq1 . . . IqN )
and speed (ωe). For example, in a single PMSM system (1),
the torque (Iq1) is a known variable in it, which is determined
passively by actual state of the machine. Then, it still has
three unknown variables (Vd1, Vq1, Id1) but only two equations
are presented. This means that, for a given torque, there are
infinity solutions of these unknown variables. The system is
underconstrained. In a MTPA operation, Id1 is set to 0, which
is an additional constraints applied to (1) make the steady-state
model properly constrained and Vd1, Vq1 becomes unique.

Back into the case of a MIMPMSM system, in (4) there are
2N + 1 unknown variables including Vd1, Vq1︸ ︷︷ ︸

2

, Id1, . . . , Id1︸ ︷︷ ︸
N

,

θd2, . . . , θdN︸ ︷︷ ︸
N−1

, while 2N equations are provided. In this case,

Id1 is chosen to be the control variable so that the system is
properly constrained and the resulted controller structure would
be simpler.

III. CONTROL STRATEGY DESIGN

Based on the analysis in the previous section, the controller is
designed as that one of the machines is controlled closed-loop
(master machine) and other machines are left open-loop (slave
machines) to meet up with the steady-state constraints. With
such a configuration, considering that a PMSM is open-loop
stable only when its synchronization condition is satisfied, the
synchronization condition of a MIMPMSM system is studied in
the first place. Then, the stability of all open-loop machine is
studied based on the small signal model. In the last, the control
strategy is designed based on these conclusions.

A. Synchronization Condition of an Open-Loop PMSM

In open-loop operation, the controller must provide enough
voltage to compensate the back EMF and voltage drop on the
stator resistance so that the generated torque is larger than its
load. Otherwise, the machine will lose synchronization [29]. As
all machines are paralleled connected in a MIMPMSM system,
this voltage must consequently satisfy all machines’ requirement
so that the synchronization condition is achieved.

In the first step, the synchronization condition of an open-loop
PMSM is mathematically described. As the inverter voltage is
the only linkage between machines, this condition is expressed
with the relationship to the voltage and then converted to Id1 so
that it can be regulated to make all machine synchronized.

Fig. 2. Relationship of δ angle.

Fig. 2 represents a simple vector diagram of a PMSM. The
d-axis is aligned with rotor’s flux. V is the applied voltage vector
and E is the back-EMF vector. The angle between V and E is
denoted as δ. Then, the steady-state model of a PMSM with
respect to δ can be obtained as[

V d

V q

]
=

[− |V | sin δ
|V | cos δ

]

=

[
Rs −Lsωe

Lsωe Rs

] [
Id

Iq

]
+

[
0

ωeϕp

]
. (5)

According to (5), the torque relationship with respect to δ and
V can be described as

T e=Npϕp

|V |
Z

cos

(
δ − tan−1ωeLs

Rs

)
−Npϕp

Rsωeϕp

Z2

(6)
where

Z =

√
Rs

2 + (Lsωe)
2 . (7)

Te corresponds to the torque of the PMSM. When Te > 0,
the machine works in a motor mode, when Te < 0, the machine
works in a brake mode. Fig. 3 shows an example curve of (6).
Suppose that a PMSM is running at steady state (indicated as
operation point A), a change in torque angle Δδ away from
equilibrium will result in a torque change ΔTe, which can be
described by

Δ T e = Ke Δδ. (8)

When Ke > 0, the machine remains synchronized when pos-
itive rotating [30]. Obviously, (8) only valid when the applied
torque does not exceed the maximum torque point, otherwise the
machine will lose synchronization (operation point C). From (6),
the maximum and minimum value of Te can be obtained, which
are

Tmax
e = Tn

e +Npϕp

|V |
Z

(9)
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Fig. 3. Torque curve with respect to δ.

Fig. 4. Eigenvalues of an open-loop PMSM with respect to different speed.

and

Tmin
e = Tn

e −Npϕp

|V |
Z

(10)

with

Tn
e = −Npϕp

Rsωeϕp

Z2 . (11)

A PMSM’s synchronization condition is satisfied only when

Tmin
e ≤ T e ≤ Tmax

e . (12)

According to (9), (10), and (12), the synchronization condi-
tion of a PMSM with respect to its voltage magnitude can be
described as

|V | ≥ Z

Npϕp

|T e − Tn
e | (13)

which is valid for both motor and brake regions of a PMSM.
Moreover, Tn

e corresponds to the power neutral point of a
PMSM torque when three phases are short connected. The

detailed derivation and proof of this conclusion can be found
in Appendix A.

B. Synchronization Condition of a MIMPMSM System

For a MIMPMSM system, other than the closed-loop con-
trolled M1, Te-δ curve presented in Fig. 3 is valid for all
open-loop machines. Because all parallel connected machines
have the same |V|. Thus, the synchronization condition of a
MIMPMSM system is satisfied when all machines’ torque is
within the maximum torque point, that is

Tmin
e ≤ T ek ≤ Tmax

e , k ∈ [2,N ] (14)

where Tek present the torque of Mk involved in a MIMPMSM
system. The corresponding constrain on |V| is extended to be

|V | ≥ Z

Npϕp

max {|T eM2
− Tn

e | , · · · , |T eMN
− Tn

e |}
(15)

which means that |V| must be determined with respect to the
machine whose Te owns the maximum distance to Tn

e .

C. Steady-State Stability of the Open-Loop Machine

To analyze the stability of the open-loop machine, their lin-
earized model can be used. The small signal model of PMSM
around the steady-state has been presented in [31], which is

dIdk

dt
= − Rs

Ls
Idk + (ωe + ωδk) Iqk − |V | sin δk

Ls

dIqk

dt
= − (ωe + ωδk) Idk − Rs

Ls
Iqk

+
|V | cos δk

Ls
− (ωe + ωδk)ϕp

Ls

dωk

dt
=

Np
2Iqkϕp − fk (ωe + ωδk)− T lk

Jk

dδk
dt

= − ωMk
(16)

where f is the viscous friction coefficient, J is the moment of
inertia. It has such form

ẋ = f (x,u) (17)

with

x =
[
Idk Iqk ωk ωδk

]T
(18)

representing the dynamics of the open-loop machine Mk, k ∈
[2,N]. The linearized system equations of this nonlinear system
have the form

Δẋ = A (x0)Δx+B (x0)Δu (19)

with

x0 =
[
0 T e0

Npϕp
ωe0 0

]T
(20)
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and

A (x0) =

⎡
⎢⎢⎢⎣
−Rs

Ls
ωe0

T e0

Npϕp
−V q

Ls

−ωe0 −Rs

Ls
−ϕp

Ls

V d

Ls

0
Np

2ϕp

J −fk

J 0
0 0 −1 0

⎤
⎥⎥⎥⎦ (21)

Fig. 4 shows the eigenvalues of (28) under different speed
conditions based on the parameters of the experiment machine.
The |V| is calculated by (5). It can be concluded that the open-
loop machine is stable under the given condition.

D. Implementation of the Control Strategy

The proposed control strategy is designed based on the current
FOC control that closed-loop control Id and Iq of the mas-
ter machine. Equation (15) has given out the synchronization
condition with respect to the voltage amplitude. It must be
converted to a constrain on I∗d1 as it is the control variable. Now
the control method start calculating each open-loop machine’s
corresponding valid range of I∗d1 and apply the value in the
intersection range to achieve the synchronization condition. The
valid Id1 range of anyone of open-loop machine Mk, k ∈ [2,N]
is given by (25) directly. Its detailed derivation can be found in
Appendix B. The evaluation function expressed by f(Te, ωe) is

f (T e,ωe) =

(
1

Npϕp

)2

T e (T e − 2Tn
e ) (22)

which evaluates the “distance” to Tn
e , the higher f(Te, ωe), the

“more loaded” (include motor and braking mode) is the machine.
Based on (25) two control strategies are designed. Their control
schemes are shown in Fig. 5.

1) Extended Master Selection Strategy: The first control
strategy is an extension of master–slave strategy. The working
procedure during each control instant is as follows:

1) Calculate the evaluation value of each open-loop machine
using (22).

2) Choose the machine with the highest value as the master
(M1).

Refer to (25), I∗d1 ∈ (−∞,+∞) under this condition. I∗d1
is then regulated to 0 or an optimal I∗d1 to achieve the MTPA
condition, which has been described in the last section.

This control strategy extends the master–slave strategy to
braking mode. Because in the original version, the machine with
higher load torque is selected as the master. Its selection logic is

θe1 〈θe1 ⇔ δ1〉 δ1 ⇔ T e1 > T e1. (23)

When θe1 < θe1, which equals to Te1 > Te1, M1 is selected
as the master, and vice versa. This logic is a special case of (22)
when all machines’ torque is larger than Tn

e as

f (T e1,ωe) 〈f (T e2,ωe) ⇔ T e1〉T e2 > Tn
e . (24)

When anyone of the machine’s torque is less than Tn
e , (23)

is no longer valid and leads to a wrong selection of the master
machine.

2) Nonmaster Selection Strategy: As shown in Fig. 5(b), the
controller structure contains a dedicated block that is respon-
sible for calculating appreciate I∗d1. The machine under control
remains unchanged. The working procedure during each control
instant is as follows.

1) Calculate the evaluation value of each machine using (22).
2) Choose the machine with the highest evaluation value and

use (25) shown at the bottom of this page, to calculate the
valid range of I∗d1.

3) If MTPA point regulation is not applied, then I∗d1 is set
to the minimal magnitude value in (25). Otherwise, the
obtained optimal I∗d1 is set.

E. Calculation of MTPA Point

In this article, the MTPA condition of a MIMPMSM taking
joule loss into account is considered. The joule loss mainly
occurs on the stator windings, which is described as

joule loss =Rs

(
Id1

2+ Iq1
2
)
+ · · ·+Rs

(
IdN

2+ IqN
2
)
.

(26)
Thus, the cost function is defined as

f (Id1, . . . , IdN ) = Id1
2 + · · ·+ IdN

2 (27)

to be minimized by the MTPA algorithm. Considering that for a
MIMPMSM system, all machines share the same voltage, thus
(28) can be applied between M1 and Mk, k ∈ [2,N]

V d1
2 + V q1

2 = V dk
2 + V qk

2. (28)

Insert (1) and (3) into (28), the expression of Idk can be
obtained

Z2Idk
2 +αIdk + β = 0 (29)

where

α = 2Lsωe
2ϕp (30)

β = (ωeLsIqk)
2 +

(
RsIqk + ωeϕp

)2
− (RsId1 −LsωeIq1)

2 − (
RsIq1 +LsωeId1 + ωeϕp

)2
.

(31)

Treat (29) as a constraint of each machine, that is

gk (Id1, Idk) = Z2Idk
2 +αIdMk

+ β (32)

the Lagrange multiplier can be designed as

I∗
d1 ∈

⎧⎪⎨
⎪⎩

(−∞, −Lsωe
2ϕp

Z2 −√
f (T ek,ωe)− f (T e1,ωe)

]
∪
[
−Lsωe

2ϕp

Z2 +
√

f (T ek,ωe)− f (T e1,ωe) , +∞)

f (T ek,ωe) > f (T e1,ωe)
(−∞,+∞) f (T ek,ωe) < f (T e1,ωe)

(25)

Authorized licensed use limited to: INP TOULOUSE. Downloaded on February 01,2022 at 10:16:51 UTC from IEEE Xplore.  Restrictions apply. 

gaugerenques
Rectangle

gaugerenques
Rectangle



7170 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 6, JUNE 2021

Fig. 5. Block diagram of proposed control scheme. (a) Nonmaster selection. (b) Master selection.

L (Id1,λ1, . . . ,λN ) = f (Id1, . . . , IdN )

+

N∑
i=2

λigi (Id1, Idi) . (33)

Performing partial differential to (33), the results can be
divided into three parts as shown in (36)–(38). The solution
of these equations contributes the candidates of the optimal
efficiency point. The relationship between λi and Idi can be
extracted through (37), which is

λi = − 2Idi

2Z2Idi +α
, i ∈ [2,N ] . (34)

Then, according to (36) and (38), all λ can be eliminated.
Equations with respect to Idi is shown in (35)

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

∑N
k=1

2Idk

2Z2Idk+α
= 0

Z2Id2
2 +αId2 + β = 0

...
Z2IdN

2 +αIdN + β = 0.

(35)

WhenN = 1, it is easy to identify that Id1 = 0 is the solution.
When N = 2, the result is the same as that in [14]. In the case
of N ≥ 3, this equation is no longer analytically solvable like
the dual-PMSM cases presented in [13] and [14]. A numerical
method must be used to obtain the solution{

∂L(Id1,...,IdN ,λ1,...,λN )
∂Id1

= 2Id1
− (λ2 + . . .+ λN )

(
2Z2Id1 + α

)
= 0

(36)

⎧⎪⎪⎨
⎪⎪⎩

∂L(Id1,...,IdN ,λ1,...,λN )
∂Id2

= 2Id2 + λM2

(
2Z2Id2 + α

)
= 0

...
∂L(Id1,...,IdN ,λ1,...,λN )

∂IdN
= 2IdN + λMN

(
2Z2IdN + α

)
= 0

(37)

⎧⎪⎪⎨
⎪⎪⎩

∂L(Id1,...,IdN ,λM1
,...,λMN )

∂λ2
= Z2Id2

2 + αId2 + β = 0
...

∂L(Id1,...,IdN ,λ1,...,λN )
∂λN

= Z2IdN
2 + αIdN + β = 0.

(38)

F. Consideration of Parameter Variation

The proposed control strategies, especially the evaluation
function (22), depend on the parameters’ correctness. When
machines’ parameters change during operation, (22) may give
out distorted value. To increase the robustness, we proposed
to apply an additional current in Id1to compensate the param-
eter variation, because the criterion given by (25) determines
the exact minimal voltage. An additional current in Id1 re-
sults in higher voltage, which make the control strategies more
robust.

IV. EXPERIMENT TEST

An experiment test was conducted in our lab to verify the
feasibility and performance of the proposed controller. Fig. 6
shows the experimental bench. There are six machines involved
in the experiment. Three of them are experiment PMSMs, and
the other three are controllable torque-generator based on dc
machines. The sensor sampling and current control command
loop runs at 10 kHz.

A dedicated triple-PMSM control board (see Fig. 7) that
consists of a main controller, an inverter, six current sensors,
three encoder ports is designed and manufactured to conduct the
experiment. Their types are indicated in Table II. Each machine
is equipped with an encoder and two hall current sensors, which
measure the current on phase A and B. This control board has
integrated an SD card slot so all experiment data can be stored
in it.

A battery is connected parallel to the dc bus so as to keep the
dc bus voltage stable, as there is energy circulation between the
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Fig. 6. Experiment bench.

Fig. 7. Designed and manufactured controller.

TABLE I PARAMETERS OF THE EXPERIMENT MACHINE

TABLE II PARAMETERS OF THE CONTROL BOARD

Fig. 8. Speed transient experiment result of nonmaster selection strategy.

experimental machines and the torque generator. For example,
when in motor mode, the experiment machines are absorbing
energy while the torque generators are generating power, as their
power switching timing is not synchronized and the ac–dc power
module is monodirectional, the dc bus voltage will rise when the
system is generating power.

In the experiment, a regular PI-based FOC controller is re-
sponsible for controlling the current of the master machine.
They are tuned with the help of the simulation model built in
the MATLAB/Simulink and the PID tune function in the control
toolbox.

The machine parameters are shown in Table I. The experiment
is divided into three parts: speed transient, motor starting, load
torque, and efficiency optimization.

A. Speed Transient Test

Figs. 8 and 9 show the speed transient experiment results
of two control strategies. A ramp-shaped speed reference with
300 rad/s2 acceleration limitation is given. Both can perform
well during speed transient situations. All machines are fully
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Fig. 9. Speed transient experiment result of extended master selection strategy.

synchronized so that little speed difference can be observed
from the response. The overshoot in the response is caused by
the underdamping characteristic of the system, as there is no
damping device connecting to the experiment machines.

B. Motor Starting Test

This test mainly focuses on the system’s behavior when the
machines’ load is different during the starting phase. In the
experiment, we have tested both two control strategies under two
situations, which corresponds to M1 or M2 is the most loaded
machine, respectively. Figs. 10–13 illustrates the experiment
results. The proposed strategies can start the system normally
without knowing the torque relationship in prior.

C. Unbalanced Load Torque Test

The proposed two control strategies depend heavily on torque
relationship determination. The nonmaster-selection strategy
must use the torque relationship of each machine to determine
the value range of Id1. The extended master-selection strategy
must use it to determine the master machine. To verify the
correctness of the control strategies, this experiment is divided
into two parts: motor mode and brake mode. In motor mode,
the machines are brought to steady speed operation condition.
Then, each machine is assigned an external load torque so that
we can have a relationship transition of each machine. For the
brake mode, we must consider that the corresponding Inq of Tn

e

under given operating condition is

In
q = −Rsωeϕp

Z2 (39)

which is proportional to the speed. Thus, we must use a relatively
low speed (500 round per minute) so that the total current would

Fig. 10. Motor starting experiment result of nonmaster selection strategy-M1

is the most loaded.

Fig. 11. Motor starting experiment result of nonmaster selection strategy-M2

is the most loaded.

not exceed the machines’ current limit too much. Under such
condition, the corresponding Inq = −2.44 A.

Fig. 14 has shown the experiment results of the nonmaster
selection strategy in motor mode. Fig. 14(a) shows the speed re-
sponse, Fig. 14(b) shows the current response in d-q coordinate.
Fig. 14(c) shows the motor’s phase current and inverter’s current.
Here, we only present phase-A’s current. Fig. 14(d) shows the
voltage reference in M1’s frame. Around 1.4 s, M1 becomes
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Fig. 12. Motor starting experiment result of the extend master selection
strategy-M1 is the most loaded.

Fig. 13. Motor starting experiment result of the extend master selection
strategy-M2 is the most loaded.

the most loaded machine. Refer to (25), the value range of
IdM1

is (−∞,+∞). Thus, in such condition, IdM1
(blue curve)

is regulated as −Lsωe
2ϕp

Z2 + 0.1A︸︷︷︸
compensation current

≈ −1A . The

system’s stability is kept.
Around 1.8 s, M2 becomes the most loaded machine. Id1

increases immediately to preserve the system stability following

Fig. 14. Experiment result of nonmaster selection strategy in motor mode

the constraint applied by (25). The same transition happens to
M3 as its applied torque increases. The system is still stable even
without master selection.

Fig. 15 shows the response in brake mode. The red dash
line in Fig. 15(b) represents Inq . After 1.6 s, all machines’
q-axis current is below this line indicating that they are in
brake mode. Again, the load torque transition makes M2 and
M3 become the most loaded machine one by one. Thanks
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Fig. 15. Experiment result of nonmaster selection strategy in brake mode.

to the correct regulated Id1, the system can preserve the
stability.

Fig. 16 illustrates the result of the extended master-selection
strategy in motor mode. The experiment configuration is the
same as it is for nonmaster selection strategy. When there is
no external load applied, Id1 is also regulated as 0. The only
difference is that when a machine becomes the most loaded, its
Id becomes 0.

Fig. 16 has proven that the extended master-selection strategy
can also handle the machines in brake mode.

Fig. 16. Experimental result of extend master selection strategy in motor
mode.

D. Efficiency Optimization

As the numerical method is too complex to run inside a
microcontroller in real time, at this stage, we have used an offline
method that calculate the optimal I∗d1 and applied during exper-
iment. The experiment configuration is the same as the motor
mode test in the unbalanced load torque test. The efficiency
result is shown in Fig. 18. The blue and red curves represent the
efficiency of the original nonmaster selection strategy and extend
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Fig. 17. Experimental result of extend master selection strategy in brake mode.

master-selection strategy, respectively. The yellow one is the
nonmaster selection strategy with optimization. Their effciency
is calculated by

η =
ωeϕp

∑4
k=1 IqMk

ωeϕp

∑4
k=1 IqMk

+Rs

∑4
k=1

(
I2
dMk

+ I2
qMk

) .
(40)

It can be concluded that the effectiveness of the efficiency
optimization is obvious especially when torques are highly
imbalanced.

Fig. 18. Efficiency comparison between strategies.

V. CONCLUSION

In this article, we have proposed two control strategies to
a MIMPMSM system containing more than two machines.
By using the constraint analysis method, it is proved that the
MIMPMSM system is feasible. Like the MIDPMSM system,
the controller must and can only control one extra variable to
make the system fully constrained.

Then, based on the open-loop stability of a PMSM, the
stability criterion of a MIMPMSM system is derived. One
must provide enough voltage which takes speed, torque into
consideration to preserve the stability of the system. Refer to
this criterion, two control strategies are designed. Both only
control one machine among all machines. The first strategy,
called nonmaster-selection, regulates IdM1

passively under the
constraints to assure the system stability. On the other hand,
in the master-selection strategy, we calculate the value of the
function (22) and choose the machine with the highest value as
the master. This strategy extends the conventional master-slave
strategy to brake mode, which makes sense in traction applica-
tions such as an electric vehicle.

Meanwhile, the efficiency optimization method is also ex-
tended to an MIMPMSM system. With this process, the optimal
operation point minimizing the joule losses is obtained.

Finally, we have verified these control strategies in an ex-
tensive experiment involving three machines. The experiment
results verify that both control strategies are operational and
stable, which proves the correctness of the controller design
method proposed in this article. They can start the motors
normally even highly unbalanced torques applied. Moreover,
these strategies can work not only in motor mode but also in
brake mode. The efficiency comparison test has shown a great
performance advantage compared to a traditional MTPA law.

This article also raises many problems, such as the impact of
parameter variation on system stability and efficiency optimiza-
tion, the possibility in improving the dynamic performance, lack
of an effective algorithm to solve the optimization problem so
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that it can run in real time in a microcontroller. These problems
remain to be solved in future studies.

APPENDIX

A. Power Neutral Point of a PMSM

Tn
e corresponds to the braking torque when zero voltage is

applied. In such a condition, the three-phase terminations are
connected in short circuit. It can be easily obtained by setting
the voltage in (1) equals to zero, which is[

0
0

]
=

[
Rs −Lsωe

Lsωe Rs

] [
Id
Iq

]
+

[
0

ωeϕp

]
. (41)

The corresponding currents can be calculated. They are{
Id = −Lsωe

2ϕp

Z2

Iq = −Rsωeϕp

Z2 .
(42)

The torque is

Te = NpϕpIq = −Npϕp
Rsωeϕp

Z2
(43)

that is exactly the same as Tn
e . The effective power can be

expressed as

�Vdq · �Idq =
∣∣∣�Vdq

∣∣∣ ∣∣∣�Idq∣∣∣ cosϕ
= Rs

(
Id

2 + Iq
2
)︸ ︷︷ ︸

Power onresistance

+ ωeϕpIq︸ ︷︷ ︸
Mechanical power

(44)

where cosϕ is the power factor. Equation (44) equals to zero
because Ṽdq = 0. This means that all mechanical power is
absorbed by stator resistance in such a condition.

B. Valid Range of Id1

Making square on both sides of (5), we can obtain

|V |2sin2δ =(RsId1 − LsωeIq1)
2 (45)

|V |2cos2δ = (RsIq1 + LsωeId1 + ωeϕp)
2 (46)

Add (45) onto (46), and replace |V| in (15), the inequation
becomes

Z2
(
Id1

2 + Iq1
2
)
+ 2LsωeωeϕpId + (ωeϕp)

2 + 2RsIqωeϕp

≥
(

Z

Npϕp

)2

(TeMmax
− Tn

e )
2. (47)

TeMmax
corresponds to the torque of the most loaded machine.

Equation (49) is a quadratic inequation with respect to Id1. In
order to obtain the solution, its discriminant must be discussed,
which is

Δ = 4Z4 (f (Te1, ωe)− f (TeMmax
, ωe)) (48)

where

f (Te, ωe) = −
(

1

Npϕp

)2 (
Te

2 − 2Tn
e Te

)
. (49)

1) T e1 = T eMmax
: When TeM1

= TeMmax
, which means

M1 is the most loaded machine, Δ = 0 and the solution of (49)
is (−∞,+∞).

2) T eM1
< T eMmax

: M1 is not the most loaded machine.
Because f(Te, ωe) is a quadratic function opening downward
and symmetrical to Tn

e , for TeM1
< TeMmax

there must be
f(TeM1

, ωe) > f(TeMmax
, ωe), which leads to Δ > 0 and the

solution of (49) is(
−∞,−Lsωe

2ϕp

Z2 −√
f (TeM1

, ωe)− f (TeMmax
, ωe)

]
⋃[−(Lsωe

2ϕp)
Z2 +

√
(f(T(eM1), ωe)− f(T(eMmax), ωe)),+∞

)
.

(50)
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