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Abstract—This article proposes a maximum torque per ampere
(MTPA) cooperative control strategy for a double stator dc-bias hy-
brid excitation machine (DS-HEM) considering inductance nonlin-
earity. The proposed DS-HEM uses integrated windings and double
stators to improve the torque density, efficiency, and flux regula-
tion capability. Moreover, the proposed MTPA cooperative con-
trol strategy considering inductance nonlinearity can achieve high
torque and lower copper loss. First, the configuration and drive
system of the proposed machine is introduced and a mathematical
model of the proposed machine is established, then the proposed
MTPA cooperative control strategy considering two dimensions of
the armature current and dc-bias current is calculated by using the
Lagrange extremum method. Besides, the inductance nonlinearity
is also considered by establishing the quadratic polynomial model.
Finally, a prototype of the proposed machine is fabricated, and
various experiments are conducted to validate the accuracy and
effectiveness of the proposed method. Compared with conventional
current control strategies, the proposed MTPA cooperative control
strategy can generate a larger output torque and lower copper loss.

Index Terms—Cooperative control strategy, DC bias, hybrid
excitation, inductance nonlinearity, maximum torque per ampere
(MTPA).

I. INTRODUCTION

P ERMANENT magnet synchronous motors (PMSM) have
attracted more and more attention because of their high

efficiency, high power density, and high torque density. Due to
these advantages, PMSM is widely used in electric vehicles and
other industrial applications [1], [2], [3], [4]. However, since
the excitation source of traditional PMSM is only a permanent
magnet, the air-gap magnetic field is difficult to adjust. Thus, the
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speed adjust range is limited. To improve the speed range of the
motor, many scholars have begun to research hybrid excitation
machines (HEMs) [5]. Compared with the traditional PMSM,
an HEM is equipped with a set of field winding to generate
additional electric excitation fields, so the air-gap magnetic field
and speed range can be flexibly adjusted by changing the current
in the field winding [6], [7], [8], [9].

Nonetheless, the additional field winding still occupies the
stator space and increases the copper loss, to reduce the ef-
ficiency. To eliminate space conflicts and improve efficiency,
the concept of integrated windings is introduced to the HEMs
[10]. Various new topologies with integrated windings have
been proposed in [11] and [12]. In [13], a permanent magnet
machine with dc-bias current is proposed, but the auxiliary tooth
in the stator may lead to low efficiency. In [14], a split-tooth
stator permanent magnet vernier machine with zero-sequence
current excitation is proposed to enhance the torque density and
flux adjustment capability, but the PM and armature winding
suffer from space conflicts. In [15], a hybrid excitation doubly
salient machine with a double stator is proposed. The Halbach
PM arrays and integrated windings are utilized to improve the
torque density and also widen the speed region correspondingly.
Deriving from the machine in [15], a double-stator HEM with
dc-bias current is proposed in [16], which adopts the dc-bias
sinusoidal current and consequent-pole PM to promote flux
regulation capability, whereas the torque density and efficiency
are not high enough.

Compared with traditional PMSM, the HEM should control
the excitation current as a new dimension. Consequently, the
HEM can be controlled by two dimensions of excitation current
and armature current, and the control method is more flexible.
In [17], a current control strategy for an axial-parallel HEM
with an auxiliary winding is proposed, the field current and
armature current can both be decreased because the auxiliary
winding couples with the PM flux and suppresses phase volt-
age. Nonetheless, the auxiliary winding leads to the increased
complexity of the drive circuit. In [18], a cooperative control
method of minimum copper loss for a hybrid excitation double
salient machine is proposed, and the optimal efficiency can be
obtained when the copper consumption of armature winding
and excitation winding are equal. In [19], a control method
of minimum copper consumption per unit torque in full speed
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domain for a hybrid excitation flux switching motor is proposed,
which ensures optimal copper consumption per unit output
torque through reasonable distribution of armature current and
excitation current. In [20], a current region control strategy with
a wide speed range of a consequent-pole HEM is proposed to
achieve multimode operation capability. However, the existing
studies mainly focus on the control method with additional field
winding, and the control strategy with integrated windings lacks
consideration.

For the HEM that uses integrated windings, as the control
circuit needs to use the dual three-phase inverter, the control
method would be more complicated. In [21], the effects of the
proportion of different dc-bias currents to the total current on the
machine torque, power factor, and efficiency are investigated,
which verifies that dc-bias current plays an important role in
the dc-bias HEM. Nonetheless, the specific current distribution
strategy is not considered. In [22], the influence of the dc-bias
current ratio on the speed range is studied, indicating that the
utilization of dc-bias current and d-axis current can broaden the
speed range. However, the loss of the machine is not considered,
and the efficiency of the machine can be further enhanced.
When the machine is operated at the constant torque region, the
maximum torque per ampere (MTPA) current control strategy
is generally used. The traditional MTPA control method adopts
the current distribution strategy based on id = 0 and iq =

√
2i0

[23], which is easy to realize, but the excitation current is not
considered as an extra dimension, thereby it cannot achieve
the optimal performance. In [24], an MTPA control strategy
for dc-bias HEM is proposed, which performs the polynomial
fitting on the optimal current ratio obtained in the experiments,
but the nonlinear inductance is not considered and may not
achieve optimal results for different current proportions. In
[25], an MTPA control strategy for dc-bias HEM is proposed,
which uses the MTPA control law and virtual signal injection
to achieve accurate MTPA operation and rapid dynamic mag-
netization capability, but the inductance modeling considering
the armature and excitation currents is not considered. There-
fore, the control strategy of dc-bias HEMs from two dimen-
sions of armature and excitation currents still needs further
research.

In addition, to control the HEM efficiently and accurately, it
is vital to establish the model of the HEM accurately. In [26],
a mathematical model of a dc-bias vernier reluctance machine
is built, and the voltage equation and torque equation of the
machine are derived under the dq0-frame, but it is not suitable for
HEMs as PM is not used in the machine. For HEMs, the electric
magnetic field and the permanent magnetic field are coupled,
and the model of HEMs is more complex. In [27], an equiva-
lent mathematical model of a hybrid excitation flux switching
machine in the dq coordinate system is established based on
rotor field orientation. In [28], a multi-dq axis mathematical
model of a novel alternating-pole HEM is established based on
the equivalent air gap model, which aims to solve the problem
of air gap asymmetry affecting the modeling. For HEMs that
use integrated windings, the coupling of ac and dc flux is more
complex. In [29], the mathematical model of a hybrid excited
vernier reluctance machine is established in the dq coordinate

Fig. 1. Structure of the proposed DS-HEM.

system, but the coupling between the dc component and the
armature component is not considered. Hence, the modeling of
dc-bias HEMs should be further studied.

To obtain the optimal control performance of an HEM, this
article proposes an MTPA cooperative control strategy of a
double stator dc-bias HEM (DS-HEM) with dc-bias current,
establishing a mathematical model of DS-HEM with dc-bias
current, and considers the inductance nonlinearity. The main
contributions of this article are as follows.

1) The proposed double stator structure can eliminate the
space conflicts, aiming to further improve the torque den-
sity, and the proposed hybrid excitation with dc bias can
improve the flux regulation capability and efficiency.

2) This article establishes the mathematical model of the
DS-HEM considering the inductance nonlinearity and the
quadratic polynomial model of inductance is established
based on the voltage under different currents and speeds.

3) An MTPA cooperative control strategy of the DS-HEM
from two dimensions of the armature current and dc-bias
current is proposed. The proposed strategy can achieve
high torque density and low copper loss. Comparative
studies and experimental results demonstrate the effec-
tiveness of the proposed method.

This article is organized as follows. In Section II, the topology
and basic principle of DS-HEM are presented. In Section III,
the principle and procedure of the proposed MTPA cooperative
control strategy are introduced, and the inductance nonlinear
model is established. Section IV, the experimental tests are
carried out to validate the proposed method. Finally, Section V
concludes this article.

II. TOPOLOGY AND MATHEMATICAL MODEL

A. Machine Structure and Drive System

Fig. 1 shows the structure of the proposed DS-HEM, which
mainly consists of the inner stator, rotor, and outer stator.
The double stator separates the armature winding and stator-
PM on different stators, thus eliminating the space conflicts.
Consequent-pole PMs are inset on the inner stator part, which is
radically magnetized. Iron pieces form the sandwich rotor, which
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Fig. 2. Winding connection of integrated winding.

Fig. 3. Dual three-phase drive circuit of the DS-HEM.

is used as the flux modulation poles of dc-bias current and PMs.
The armature winding is a dual three-phase configuration that
has the windings A1B1C1 and A2B2C2, and dc-bias current is
integrated into the armature winding.

The winding connection of the DS-HEM is shown in Fig. 2,
which adopts dual three-phase integrated windings. The com-
bined sinusoidal current and dc, called dc-biased sinusoidal
current, is injected into the windings to drive the machine. The
current of each phase in the dual three-phase windings with dc
bias can be expressed as⎧⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

IA1 =
√
2iac sin(θe) + Idc

IB1 =
√
2iac sin(θe − 2π/3) + Idc

IC1 =
√
2iac sin(θe + 2π/3) + Idc

IA2 =
√
2iac sin(θe)− Idc

IB2 =
√
2iac sin(θe − 2π/3)− Idc

IC2 =
√
2iac sin(θe + 2π/3)− Idc

(1)

where iac is the root-mean-square (RMS) value of alternating
current, θe is the electrical angle of the machine, which can be
expressed as θe = Nrωrt, Nr is the number of rotor poles, ωr
is the mechanical speed of the machine, and Idc is the value of
dc-bias current.

The dual three-phase drive circuit of the proposed machine is
shown in Fig. 3. Two three-phase inverters are connected to two
sets of armature winding, respectively. The armature current and
dc-bias current are controlled by a cooperative control strategy.
The ac component of the current on the two sets of windings is
the same, and the dc component is equal and opposite.

B. Mathematical Model of DS-HEM

In the natural coordinate system, the voltage equation of the
DS-HEM is given by

us = Rsis +
dψm

dt
+
dLsis
dt

(2)

where us = [uA1, uB1, uC1, uA2, uB2, uC2]
T represents the

voltage of stator windings, is = [iA1, iB1, iC1, iA2, iB2, iC2]
T

represents the current of stator windings, Rs is the resistance
of individual windings, ψm is the flux linkage of a permanent
magnet, and Ls is the inductance matrix in the dual three-phase
configuration, which changes with the electrical angle of the
machine and can be expressed as [24], [30]

Ls(θe) =

[
L(3×3)(θe) M(3×3)(θe)

−M(3×3)(θe) −L(3×3)(θe)

]
(3)

where L(3×3) represents the inductance between the same wind-
ings, and M(3×3) is the inductance between the different wind-
ings, and respectively can be expressed as [24], [30]

L(3×3)(θe) =

⎡
⎢⎣ L(θe) M1(θe+

2
3π) M1(θe− 2

3π)

M1(θe +
2
3π) L(θe − 2

3π) M1(θe)

M1(θe − 2
3π) M1(θe) L(θe +

2
3π)

⎤
⎥⎦

(4)

M(3×3)(θe) =

⎡
⎢⎣M2(θe) M3(θe − 2

3π) M3(θe +
2
3π)

M3(θe) M2(θe − 2
3π) M3(θe +

2
3π)

M3(θe) M3(θe − 2
3π) M2(θe +

2
3π)

⎤
⎥⎦

(5)

where the self-inductive component and mutual inductance com-
ponent in (4) and (5) are given by [24], [30]⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

L(θe) = L0+
∑
i=1,3,5... Li cos(iθ)−

∑
j=2,4,6... Lj cos(jθ)

M1(θe) =M01 +
∑
i=1,3,5...Mi1 cos(iθ)

−∑j=2,4,6...Mj1 cos(jθ)

M2(θe) =M02 +
∑
i=1,3,5...Mi2 cos(iθ)

−∑j=2,4,6...Mj2 cos(jθ)

M3(θe) =M03 +
∑
i=1,3,5...Mi3 cos(iθ)

−∑j=2,4,6...Mj3 cos(jθ)

(6)

where Li (i = 1, 3, 5 . . . , ) and Lj (j = 2, 4, 6 . . . , ) are the ith
and jth harmonic components of self-inductance, respectively,
Mi1 andMj1 are the ith and jth mutual inductances between
different phases in the same set of windings, respectively,
Mi2 andMj2 represent the ith and jth mutual inductances be-
tween the same phase in two sets of different windings, re-
spectively, and Mi3 andMj3 indicate the ith and jth mutual
inductances between different phases in two sets of different
windings, respectively.

In the different harmonic components of the inductance, the
fundamental component is close to the constant component, and
the interaction of the fundamental component and the constant
component of inductance generates the average torque [31].
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Thus, in the subsequent analysis, only the constant and fun-
damental components of inductance are considered to simplify
the mathematical model of the machine.

Because there are nonlinear components in the mathematical
model of the machine in the natural coordinate system, coordi-
nate transformation is adopted, that is, the transformation of the
coordinate system synchronized with the rotor speed. To obtain
the voltage equation in the dq0-axis, the transformation matrix
is used as

TABC/dq0(θe) =

[
Tθ(θe) 0(3×3)

0(3×3) Tθ(θe)

]
(7)

where

Tθ(θe) =
2

3

⎡
⎢⎣ cos(θe) cos(θe − 2

3π) cos(θe +
2
3π)

− sin(θe) − sin(θe − 2
3π) − sin(θe +

2
3π)

1
2

1
2

1
2

⎤
⎥⎦

(8)

and 0(3×3) is a 3 × 3 dimensional zero matrix, thus the voltage
equation of the DS-HEM in the dq0-axis can be expressed as
[24]

udq0 = Rsidq0 + Ldq0
d

dt
(idq0) + ωeL

′
dq0idq0 + ωeψm

(9)

where udq0 = [ud1, uq1, u01, ud2, uq2, u02]
T represents the

voltage under the dq0-axis and Idq0 = [id1, iq1, i01, id2, iq2,
i02]

T represents the current under the dq0-axis. It should be
mentioned that, after a coordinate transformation, the values of
0-axis current i0 and dc-bias current Idc are identical.Ldq0 is the
inductance matrix under the dq0-axis, which can be expressed
as

Ldq0 = TABC/dq0(θe)Ls(θe)T
−1
ABC/dq0(θe) (10)

when the machine is working steadily, d(idq0)/dt = 0, thus
Ldq0 is negligible. L

′
dq0 is the coupling inductance matrix,

which is given by [30]

L
′
dq0 =

[
L

′
dq0(3×3) M

′
dq0(3×3)

M
′
dq0(3×3) L

′
dq0(3×3)

]
(11)

L
′
dq0(3×3) =

⎡
⎣ 0 −(L0 +M01) 0
L0 +M01 0 L1 −M11

0 0 0

⎤
⎦

(12)

M
′
dq0(3×3) =

⎡
⎣ 0 −(M02 −M03) 0
M02 −M03 0 M12+M12

0 0 0

⎤
⎦

(13)

where L0, L1, M01, M11, M02, M12, M03, andM13, are ex-
plained in (6). For the proposed DS-HEM, the ac in the
two windings groups are the same, and the dc has an op-
posite direction, therefore, define id = id1 = id2, iq = iq1 =
iq2, i0 = i01 = −i02, Ls = L1 +M1 +M2 −M3, and Lm =
L1 −M11 +M12 +M13, and the voltage equation in (9) can

TABLE I
PARAMETERS OF THE PROPOSED DS-HEM

be concretely expressed as⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ud1 = Rsid − ωeLsiq
uq1 = Rsiq + ωeLsid + ωeLmi0 + ωeψm
u01 = Rsi0
ud2 = Rsid − ωeLsiq
uq2 = Rsiq + ωeLsid + ωeLmi0 + ωeψm
u02 = −Rsi0

. (14)

Moreover, the flux linkage equation of the DS-HEM can be
expressed as {

ψd = 2(Lsid + Lmi0 + ψm)
ψq = 2Lsiq

. (15)

The average torque is produced by the sum of two winding
groups, and it can be expressed as

Te =
3

2
p(iqψd − idψq) = 3p(Lmi0iq + ψmiq). (16)

Hence, it indicates that the output torque can be generated by
the interaction of armature winding and two excitation sources
including dc-bias current and consequent-pole PMs.

III. CONTROL STRATEGY

In this section, a 12/13 DS-HEM finite element analysis
(FEA) model is developed. Based on this model, an MTPA
cooperative control strategy considering inductance nonlinearity
is proposed. Table I shows the parameters of the proposed
DS-HEM.

A. Effect of DC-Bias Current on Machine Performance

For DS-HEM, there is an additional dc-bias current in arma-
ture windings, which can be positive to enhance the air-gap flux
density and improve the torque or negative to weaken the air-gap
flux density and broaden the speed range. Hence, the injection of
dc-bias current can not only increase the torque but also flexibly
adjust the air-gap flux density. To illustrate the importance of the
cooperative control of armature current and excitation current,
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Fig. 4. Torque versus Idc (iac = 8A).

Fig. 5. Influence of Irms with current ratio k on DS-HEM. (a) Average torque.
(b) Torque ripple. (c) Efficiency. (d) Power factor.

it is necessary to first investigate the effect of dc-bias current on
the machine performance.

Fig. 4 shows the variations of Idc on the average torque of
DS-HEM. It shows that with the variation of Idc, the change
of the torque of DS-HEM is obvious, which is because the PM
flux and dc flux in the proposed DS-HEM are parallel, so they
won’t interfere with each other. Consequently, it demonstrates
that changing Idc can adjust the magnetic field of the machine.

For HEMs, the ratio of injected dc is vital because it affects
both the field excitation and armature excitation with the con-
stant total current. The RMS value of the total current can be
defined as

Irms =
√
i2ac + I2dc. (17)

Then, define the current ratio of k

k =
Idc
Irms

. (18)

The effect of the change of the current ratio k with different
Irms on the performance of DS-HEM is shown in Fig. 5. It can be
found that both average torque and efficiency of DS-HEM show
a trend of initially rising and then falling with the increase of k,
while the change of torque ripple is the opposite, which means
the maximal average torque, the minimal torque ripple, and
highest efficiency can be reached. It should be mentioned that,

to calculate the efficiency, the copper losses, iron losses, and PM
losses of the DS-HEM are considered. Moreover, the injection
of dc-bias current is beneficial for the power factor. The optimal
current ratio of DS-HEM is between 0.4 and 0.6 considering
a tradeoff among average torque, torque ripple, efficiency, and
power factor. The copper loss can be well controlled when the op-
timal torque performance is achieved. Therefore, it demonstrates
that the dc-bias current has a significant impact on machine
performance, the armature current and dc-bias current should
be cooperatively controlled, to achieve optimal performance.

B. Proposed MTPA Cooperative Control Strategy

The traditional MTPA method is based on id = 0 control,
the current ratio of iq and i0 is fixed, which is iq =

√
2i0. It

has the advantage of being simple to implement. However, the
traditional i0-fixed method does not use 0-axis current as an
additional degree of freedom. Consequently, to obtain the best
performance of the machine, the proposed MTPA cooperative
control strategy from two dimensions of armature and excitation
currents is introduced.

The total copper loss of the DS-HEM can be expressed as

Pc = 6Rs

(
i2q
2
+ i20

)
(19)

where Rs is the resistance of a set of windings. The optimal
combination of iq and i0 can be obtained according to a Lagrange
extremum function, which is defined by

F (i0, iq, λ) = 3p(Lmi0iq + ψmiq)

+ λ

[
Pc − 6Rs

(
i2q
2
+ i20

)]
(20)

where λ is the Lagrange multiplier. The partial derivative of
the Lagrange extremum equation concerning iq, i0, and λ is
acquired by⎧⎪⎪⎨

⎪⎪⎩
∂F (i0,iq,λ)

∂i0
= 3pLmiq − 12λRsi0 = 0

∂F (i0,iq,λ)
∂iq

= 3p(Lmi0 + ψm)− 6λRsiq = 0

∂F (i0,iq,λ)
∂λ

= Pc − 6Rs(
i2q
2 + i20) = 0

. (21)

Then the solution can be obtained as⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩
iq =

⎛
⎝ 4L2

mPc−6Rsψ
2
m+

√
3Rsψm

√
16PcL2

m+12Rsψ2
m

Rs

24L2
mRs

⎞
⎠

1
2

i0 =
−2ψm+

√
16PcL2

m+12Rsψ2
m

Rs

8Lm

. (22)

Since the copper loss is proportional to Irms, for a given Irms,
we can use (22) to find the current distribution at the maximum
torque.

Nonetheless, Rs, ψm, andLm are the parameters that need
to be obtained in advance. The resistance and PM flux link-
age are relatively fixed, but Lm is a nonlinear parameter with
id, iq, and i0. Thus, to improve the accuracy of the MTPA
cooperative control strategy, it is vital to establish the nonlinear
inductance model.
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C. Inductance Nonlinearity Modeling

The inductances of the machine are nonlinear with the current
because of magnetic saturation. To make the inductance model
suitable for a wide range of operating conditions and improve the
accuracy of the control strategy, this article considers inductance
as a quadratic polynomial model with respect to id, iq, and i0.
Nonetheless, as the id = 0 control strategy is applied in the
proposed strategy, inductances depend on iq and i0 only. Thus,
the inductances in the dq0-axis can be denoted as{
Ls(Iq, I0) = α0 + α1Iq + α2I0 + α3I

2
q + α4I

2
0 + α5IqI0

Lm(Iq, I0) = β0 + β1Iq + β2I0 + β3I
2
q + β4I

2
0 + β5IqI0

(23)

where α0, . . . , α5 and β0, . . . , β5 are the coefficients of the
quadratic model. Hence, the voltage equation considering id = 0
control strategy and inductance nonlinearity can be expressed as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

Ud1 = −ωeLs(Iq, I0)Iq
Uq1 = RsIq + ωeLm(Iq, I0)I0 + ωeψm
U01 = RsI0
Ud2 = −ωeLs(Iq, I0)Iq
Uq2 = RsIq + ωeLm(Iq, I0)I0 + ωeψm
U02 = −RsI0

. (24)

As the equation of two sets of windings is similar, only one
set of three-phase windings of the machine is considered. To
facilitate subsequent calculation, the voltage equation in the
DQ01 frame in (22) can be rewritten as{

Ud01 = Ud1 + U01 = RsI0 − ωeLs(Iq, I0)Iq
Uq1 = RsIq + ωeLm(Iq, I0)I0 + ωeψm

. (25)

Then, four variablesm1, m2, n1, andn2 which are indepen-
dent of speed are defined to improve the efficiency of calculation,
these four variables can be calculated first, and then the other
parameters. The four variables can be expressed as⎧⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

m1 = RsI0
m2 = RsIq
n1 = (α0 + α1Iq + α2I0 + α3I

2
q + α4I

2
0

+α5IqI0)Iq
n2 = (β0 + β1Iq + β2I0 + β3I

2
q + β4I

2
0

+β5IqI0)I0 + ψm

. (26)

The voltage equation in (25) can be updated by applying (26)
as {

Ud01 = m1 − ωen1
Uq1 = m2 + ωen2

. (27)

It should be noted that m1, m2, n1, andn2 vary with the
current in the DQ0 frame, but are independent of the speed of the
machine. Given that Iq, I0, m1, m2, n1, n2 are constant, for a
certain (Iq, I0), the voltages are collected at N different speed
(term as ωe1, . . . , ωeN ), then these voltages should satisfy as{

Ud01,n = m1 − ωenn1
Uq1,n, n = m2 + ωenn2

, n = 1, . . . , N (28)

whereUd01,n andUq1,n are acquired at the speed ofωen, and thus
m1, m2, n1, andn2 can be acquired by using the least squares
method as expressed in (29). It can be known that at least two

different speed conditions should be measured, and the accuracy
of calculation can be improved by using data at more different
speed.

M1 = (ΦT1 Φ1)
−1
ΦT1N1 (29)

where

M1 =

⎡
⎢⎢⎣
m1

m2

n1
n2

⎤
⎥⎥⎦,Φ1 =

⎡
⎢⎢⎢⎢⎢⎣

1 0 −ω1 0
0 1 0 ω1

...
1 0 −ωN 0
0 1 0 ωN

⎤
⎥⎥⎥⎥⎥⎦, N1 =

⎡
⎢⎢⎢⎢⎢⎣

Ud01,1
Uq1,1
...
Ud01,N
Uq1,N

⎤
⎥⎥⎥⎥⎥⎦.

(30)

For a particular set of (Iq, I0), the corresponding (m1, m2,
n1, n2) can be obtained. By using (m1, m2, n1, n2) from
different (Iq, I0), the coefficients of inductance can be acquired
from the following steps.

For a certain pair {n1,k, k = 1, . . . ,K}, n1,k can be denoted
as

n1,k = (α0 + α1Iq,k + α2I0,k + α3I
2
q,k

+ α4I
2
0,k + α5Iq,kI0,k)Iq,k. (31)

Hence, α0, . . . , α5 can be estimated from

M2 = (ΦT2 Φ2)
−1
ΦT2N2 (32)

where

M2 =
[
α0 α1 . . . α5

]T
(33)

N2 =
[
n1,1 n1,2 · · · n1,K

]T
(34)

Φ2 =

⎡
⎢⎣
Iq,1 I2q,1 I0,1Iq,1 I3q,1 I20,1Iq,1 I2q,1I0,1

...
Iq,K I2q,K I0,KIq,K I3q,K I20,KIq,K I2q,KI0,K

⎤
⎥⎦.

(35)

To avoid rank deficiency, K should be more than 6, and more
measurements from multiple conditions can ensure the accuracy
of the calculation.

For a certain pair{n2,k, k = 1, . . . ,K},n2,k can be expressed
as

n2,k = (β0 + β1Iq,k + β2I0,k + β3I
2
q,k

+ β4I
2
0,k + β5Iq,kI0,k)I0,k + ψm. (36)

It should be noted that the result of ψm will affect the esti-
mation result of Lm, so it is considerable to obtain ψm first to
improve the accuracy of the inductance, therefore, β0, . . . , β5
can be estimated from

M3 = (ΦT3 Φ3)
−1
ΦT3N3 (37)

where

M3 =
[
β0 β1 . . . β5

]T
(38)

N3 =
[
n2,1 n2,2 · · · n2,K

]T − ψm (39)



YI et al.: MTPA COOPERATIVE CONTROL STRATEGY OF DS-HEM CONSIDERING INDUCTANCE NONLINEARITY 7195

Fig. 6. Measured voltages under various current conditions at different speeds.
(a) 100 r/min. (b) 150 r/min. (c) 200 r/min. (d) 250 r/min.

TABLE II
VALUES OF THE COEFFICIENTS

Φ3 =

⎡
⎢⎣
I0,1 I0,1Iq,1 I20,1 I2q,1I0,1 I30,1 I20,1Iq,1

...
I0,K I0,KIq,K I20,K I2q,KI0,K I30,K I20,KIq,K

⎤
⎥⎦.

(40)

Also, K should be no less than 6 to estimate these coefficients.
After α0, . . . , α5 andβ0, . . . , β5 are estimated,Lm andLs can
be calculated from (23).

To perform the proposed nonlinear inductance model, the
reference current for Id is set to 0, for Iq the reference current
is set to 1, 2, 3, …, 8 A; and that for I0 is set to 0, 0.5, 1, …,
5 A; the speed of the machine is set to 100, 150, 200, 250 r/min.
Under these conditions, the voltages in the DQ01 frame are
collected and shown in Fig. 6. With these measurements and the
procedures mentioned above, the nonlinear inductance model
is built. The coefficients of the quadratic model are listed in
Table II. The calculation results for inductances Lm andLs are
shown in Fig. 7. It shows that, with the increase of both iq and i0,
Lm decreases, while forLs, the change of i0 has little effect on it.
This is because Lm is the inductance generated by the coupling
of ac and dc, it is related to both iq and i0, and Ls is similar to
the synchronous inductance related to the armature current, so
i0 has little influence on it.

Fig. 7. Inductance estimation results. (a) Lm. (b) Ls.

Fig. 8. Torque measured at 150 r/min against calculation.

After acquiring the inductance, the accuracy of the inductance
can be verified by using (16). The measured resistance of the
individual windings is 0.38 Ω, and the flux linkage of the
permanent magnet is 0.0081 Wb. The torque of different currents
at 150 r/min is compared with the calculated torque, as shown
in Fig. 8. It demonstrates that the calculated results are in good
agreement with the experimental results, which illustrates the
high accuracy of the proposed nonlinear inductance model.

IV. EXPERIMENTAL RESULTS

To verify the effectiveness of the proposed method, a proto-
type of the proposed DS-HEM is manufactured, as shown in
Fig. 9. The experimental platform is shown in Fig. 10. The
drive control system mainly includes two 5.0 kW three-phase
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Fig. 9. Prototype. (a) Outer stator and inner stator. (b) Rotor.

Fig. 10. Test platform. (a) Drive devices. (b) Test bench.

Fig. 11. Torque against Idc (iac = 8A).

full-bridge inverters, a 6.0 kW dc power supply, and an MT
1050 controller for controlling the proposed machine. The test
bench mainly consists of a prototype, an 11.0 kW PM servo
motor for producing load torque, incremental encoders with
2500 pulses/revolution, and a torque sensor.

A. Experimental Verification

To verify the performance of the prototype, the variations
of average torque versus different Idc are simulated by FEA and
measured in the experiment, as shown in Fig. 11. It indicates that
with the increasing of Idc from −3 to 4 A, the average torque

Fig. 12. Efficiency under different current ratios (Irms = 3A).

Fig. 13. Proposed control method block diagram using dual three-phase drive
circuit for DS-HEM.

varies from 1.86 to 3.18 N·m, and the experimental average
torque has a good agreement with that of FEA. In addition, it
shows the flux-enhancing and flux-weakening operation of the
proposed machine can be achieved by injecting the positive or
negative dc-bias current.

Fig. 12 shows the efficiency comparison between the simula-
tion and experiments at different current ratios when Irms = 3A
and the rotation speed is 1000 r/min. It shows the experimental
efficiency is relatively consistent with the simulated efficiency,
which has a difference of about 3%–4%, and the efficiency errors
are mainly due to the end effect and manufacturing deviation.

B. Implement of Proposed MTPA Cooperative Control
Strategy

The overall control system with dual three-phase inverters of
the proposed DS-HEM is shown in Fig. 13. The 0-axis reference
current satisfies i0 = i01 = −i02 and i0 is acquired from iABC1

through Park’s transformation. To generate a dc-bias current,
opposite zero sequence voltage is added into the dual three-phase
windings, which can be regulated by the closed-loop current
controller in the 0-axis. When giving a value of Irms, the optimal
values of i0 and iq are calculated from the proposed MTPA
cooperative controller.

Fig. 14 presents the average torque measured and calculated
under different Irms. It can be found that there is a slight
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Fig. 14. Average torque measured and calculated under different Irms.

Fig. 15. Average torque measured using different methods under different
Irms.

difference of around 0.2 N·m between the measurement and
calculation when Irms increases from 0 to 7 A. It demonstrates
the accuracy of the proposed model, and the difference is because
of the deviation between the calculated inductance and the actual
inductance.

To verify the superiority of the proposed MTPA cooperative
control strategy, comparative studies are conducted. Two exist-
ing control strategies, the only ac method and the traditional fixed
current ratio method [18] are carried out. The only ac method
does not inject the dc-bias current, and the traditional method
fixes the current ratio, which is iq = 1.414i0. Fig. 15 shows the
average torques with three methods under different Irms. When
Irms is less than 3A, the proportion of i0 is relatively small in the
proposed method, the machine is mainly operated by iq . More-
over, the effect of i0 on the machine performance is relatively
small when Irms is small, thus, the torque difference between
the only ac method and the proposed method is small when Irms

is less than 3A. With the increase of Irms, the torque difference
between the two methods gradually becomes large. Besides, the
difference in the average torque between the proposed method
and the traditional method is larger. When Irms is 4 and 8 A, the
average torque of the proposed method is 0.66 N·m and 0.72 N·m
larger than that of the traditional method, respectively. Hence,
it verifies that the proposed control method considering i0 as an
extra dimension can achieve optimal performance.

Fig. 16 shows the load control process of the proposed method
at 500 r/min when Irms changes from 5 to 6 A. The output torque
increases from 2.44 to 2.91 N·m steadily. Thus, the proposed
machine can achieve flexible variable load control.

Fig. 16. Experimental results using the proposed method.

Fig. 17. Experimental results of three methods under the same Irms.

Fig. 18. Transient torque response at 500 r/min. (a) Proposed method.
(b) Conventional method.

Fig. 17 shows the current distribution and torque comparison
results of three methods under the same Irms. When Irms = 6A,
the output torque of the proposed method is 2.91 N·m, whereas
the output torques of the traditional method and the only ac
method are 2.05 N·m and 2.55 N·m, respectively. Compared with
the only ac method, the proposed method injects the 0-axis cur-
rent to regulate the air-gap flux density and enhance the torque.
Meanwhile, different from the traditional method, the proposed
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method considers i0 as an additional degree of freedom, and can
flexibly change i0 to achieve the optimal performance. Hence,
the proposed MTPA cooperative control strategy can achieve
higher output torque under the same currents.

The transient performance in the constant torque region, when
the load torque is varied from 0 to 2.50 N·m, is investigated.
The comparison of the transient responses of the output torque,
i0 and iq between the proposed method and conventional meth-
ods are shown in Fig. 18. When applying a 2.50 N·m load torque,
Irms of the conventional method is about 7 A, whereas Irms of
the proposed method is reduced to 5 A. Therefore, the proposed
method can effectively reduce the copper loss of the machine.
Hence, the above experimental results verified the effectiveness
and superiority of the proposed method.

V. CONCLUSION

This article proposes an MTPA cooperative control strategy
for a double stator DS-HEM considering inductance nonlinear-
ity. The proposed DS-HEM can utilize the dc-bias current and
consequent-pole PMs to achieve high torque density and good
regulation capability. The current distribution of the proposed
MTPA cooperative control strategy considering two dimensions
of the armature current and dc-bias current is calculated by
using the Lagrange extremum method. Moreover, the inductance
nonlinearity is also considered by establishing the quadratic
polynomial model. The output torque can be maximized by
changing the proportion of the dc-bias component in the ar-
mature current. The experimental results verified the accuracy
of the proposed nonlinear inductance model. Meanwhile, a
prototype is fabricated and tested to validate the effectiveness of
the proposed method. Compared with the only ac method and
traditional method, the output torque of the proposed method
has an increase of 42% and 14%, respectively.
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