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Multidomain Analysis and nth-Order Synchronous
Reference Vector Adaptive Control of the

Doubly Salient Motor
Yinfeng Hu , Lan Xiao , Member, IEEE, Chen Pan, Jinbo Li , Student Member, IEEE, and Chuyang Wang

Abstract—Due to the significant nonlinearity of the commuta-
tion of the square-wave current, the control of the doubly salient
electromagnetic motor is hard to analyze quantitatively. This is
because the present model is nonlinear and coupled. In this article,
a linear decoupled model and symmetrical frequency shift cluster
(SFSC) model are proposed based on a precise analysis of the time
domain and complex-frequency domain. The results are extremely
simple and mathematically computable. Moreover, these models
focus on the average output torque, which is a key parameter at
the same time. Furthermore, they explain well how torque ripple is
generated. Based on the abovementioned results, a vector diagram
of the harmonics of the phase current and inductance is proposed to
precisely control the commutation in theory. Finally, nth-order syn-
chronous reference vector adaptive control is proposed. The phase
difference of each order is weighted to obtain the target function,
which is proportional to the average output torque. The weighted
phase difference is controlled adaptively to reach a maximum to
realize the maximum torque per ampere. The theoretical results are
verified by a 12/8 pole air-cooled prototype and related simulation
and experimental results.

Index Terms—Adaptive vector control, doubly salient
electromagnetic motor (DSEM), frequency shift effect,
linearization method.

I. INTRODUCTION

THE doubly salient electromagnetic motor (DSEM) is a kind
of nonsinusoidal electromagnetic machinery suitable for

high-speed and harsh working environments [1]–[4]. The lack
of windings in the rotor ensures the reliability of the DSEM in
high-speed operation. Therefore, in the fields of aviation and
electric vehicles, DSEMs have attracted attention as a special
motor.

The excitation inductance of the DSEM is designed to change
dramatically over a small region. In this way, the motor is fed
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by square-wave current that is easier to generate in high speed
use than sinusoidal-wave current [5]. However, the commutation
of the phase current consists of several states according to the
control strategy, and is hard to calculate. Thus, the lack of
an accurate theoretical calculation model of the motor itself
influences the compensation and optimization in further steps.

For the modeling of nonsinusoidal motors, finite element
analysis (FEA) is used to obtain the excitation inductance but
the inductance model is nonlinear and cannot be used directly in
control [6]. In [7], [8], numerical methods are used to model the
nonlinear flux linkage function of the switched reluctance mo-
tor. However, the polynomial approximation requires sufficient
terms to obtain acceptable accuracy, and this method is invalid
for a wide working range when armature reaction is considered.
In [9], a 4-D inductance model is built, showing that the armature
reaction cannot be ignored when the model is built for some
absolute value in a wide working range. In [10]–[12], intelligent
learning approaches are applied, and the results are found to
be precise for a wide working range, while the programming is
relatively hard.

In summary, a new, precise, and valid model is needed for
DSEM even when considering armature reaction. Ideally, this
model is linear, simple, and easy to use.

For the control of the DSEM, various methods have been
introduced [13]–[19]. Scholars have proposed advanced angle
control (AAC) and their corresponding optimization methods
[13]–[15]. By turning switches ON and OFF in advance to bring
forward the commutation, AAC helps to decrease the torque
loss in the commutation, but the values of the advanced angles
are hard to determine. In the commutation, the circuit consists
of multiple nonlinear time-varying elements and it is almost
impossible to perform quantitative analysis directly in the time
domain. However, the present studies are not sufficiently precise,
because they are based on models deduced without considering
the armature reaction or deduced based on approximate lin-
earization.

In summary, a quantitative and precise optimization method
that is unaffected by the armature reaction is needed for the
DSEM. A simple and linear method is preferred.

To address the modeling and control problem, this article is
organized as follows. In Section II, this article presents a Fourier
FEA model of inductance and a linear decoupled model (LDM)
in the time domain. In Section III, the Laplace transform is
applied. The frequency shift effect and the SFSC model are
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Fig. 1. Nonlinear model of the DSEM.

TABLE I
FOURIER FEA MODEL OF EXCITATION INDUCTANCE

proposed in the complex-frequency domain. Then, the internal
mechanism of how dc torque is generated is calculated theo-
retically. In Section IV, the composite self-optimization vector
control is presented, which consists of current hysteresis control,
AAC and frequency shift effect weighted (FSEW) algorithm.
In Section V, the abovementioned theories are confirmed by
relevant experiments and simulations.

II. LINEAR DECOUPLED MODEL

A. Fourier FEA Model

The FEA of the DSEM is obtained in MAXWELL as shown
in Fig. 1(a), and the FEA results are given in Fig. 1(b). Lpf

stands for the excitation inductance, and p represents phase
A, B, and C. The waveform in Fig. 1 is neither sinusoidal
nor linear. Because DSEM has a doubly salient structure and
different pole-pair numbers of stators and rotors, the air gap is
uneven. Therefore, under dc current excitation, the excitation
inductance is nonsinusoidal. Fourier series decomposition is
applied to the results of FEA in this article and the Fourier series
of Lpf are obtained as follows. Mathematical analysis results
of the prototype are shown in Table I. Lpfn stands for the nth
harmonic component of the excitation inductance, Np stands for
the pole-pair number, and θ stands for the position of the rotor
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B. Coupling of the Fourier FEA Model

The FEA results of Lpf are nonlinear and cannot be linearized
directly. However, Lpf itself is not of particular interest, the focus
is how to control the current to produce torque. As described in
[1], the output torque per phase can be expressed as

Tp = Tpr + Tpe =
1

2
i2p
∂Lrmp

∂θ
+ If ip

∂Lpf

∂θ
(3)

where Tpr stands for the reluctance torque, Tpe stands for the
excitation torque, Lp stands for the self-inductance per phase,
and ip stands for the phase current. Because Tpr is relatively
small, so Tpr can be neglected [1]. Then, total output torque that
contains only excitation torque can be expressed as

T = Ta + Tb + Tc = If

(

ia
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+ ic
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.

(4)
Similarly, the phase current can be expressed as
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where Δθm stands for the initial phase of the mth harmonic of
the phase current. By substituting (2) and (5) into (4), we obtain

T = Ta + Tb + Tc = Tdc + Tac
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where Tdc represents the average component of the output
torque, and Tac represents the ac component of the output torque.
We define (6) as the Fourier FEA model of the DSEM.

We know the following trigonometric formula

sinω1t · sin (ω2t+Δθ)

= − [cos (ω1t+ ω2t+Δθ)− cos (ω1t− ω2t−Δθ)]

2
(7)

where ω1, ω2, and Δθ, are random numbers. The results consist
of two terms. A high-frequency component and a low-frequency
component. When ω1�ω2, the product consists of two ac com-
ponents. When ω1 = ω2, the product consists of a second
harmonic of ω1 and a dc component.

The situation is the same as that in (6). It is complex to write
out the relationship completely for every pair. However, by con-
sidering the frequency information of the multiplication term,
we can still draw the conclusion that each term in (6) actually
contains two parts. The dc component and the ac component.
The dc component is generated by the current and excitation
inductance change rate (EICR) of the same order.

From the abovementioned analysis, we can see that there is
complex coupling between the EICR and the phase current of
different orders. The Fourier FEA model expresses the instan-
taneous torque, and is still nonlinear.

To suppress torque ripple quantitively, methods should be
proposed in the following two ways. First, decrease the mul-
tiplication of different orders; for example, control the phase
difference between the second harmonic current and first EICR
to be 90°, which lets the multiplication to be zero. Second,
decrease the main harmonic components of the current. Note
that these methods trade off the dc output torque to decrease the
torque ripple.

C. Linear Decoupled Model

Performing the Park transformation with a permanent mag-
net synchronous motor can decouple three phase voltages of
the same frequency. Similarly, we interpret the EICR as Park
transformation and the phase current as the voltage in the above-
mentioned example, and LDM could be achieved by applying
Park transformation of one frequency at one time. For example, if
we wish to decouple the fundamental phase current component,
setting n = 1 in (6), we obtain
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where Tdc1 stands for the average output torque generated by
the fundamental phase current component and Tdc

′ is the dc
torque generated by the harmonics of the EICR except first one.
Theoretically, an LDM of any order, denoted as LDM-n, can be
obtained. The LDM-1 in the time domain is obtained as

Tdc1 = −3

2
IfI1NpLaf1cos(Δθ1). (9)

This linearizes the nonlinear Fourier FEA model and ex-
presses the relation between the average output torque and the
phase current. The sum of LDM is

Tdc =
3

2

+∞∑

n=1

IfI1nNpLafncos(Δθn). (10)

III. SFSC MODEL

A. Frequency Shift Effect

By applying the Park transformation to the Fourier FEA
model, relation between the average output torque and the phase
current is described as the LDM. LDM is quite simple; however,
it fails to demonstrate the coupling of abovementioned three
situations, which is the main cause for ac output torque or torque
ripple in our nomenclature. To establish a model that contains all
the coupling information, frequency domain analysis is neces-
sary. To make this analysis simple, we rewrite the Fourier FEA
model as
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TABLE II
FREQUENCY COMPONENT OF OUTPUT TORQUE

Laplace transformations are applied to the Fourier FEA
model, and the result in the complex domain is

T (s) = − j

2
IfNp

(
1 + e−

2π
3 s + e

2π
3 s

)

×
{

+∞∑

n=1

nLpfn [I (s+ jnNp2πfmec)

−I (s− jnNp2πfmec)]

}

. (12)

This is a complex-frequency domain model of the output
torque and the phase current. Because the model expresses the
nonlinearity of the EICR in a concise way, it is possible to
analytically calculate the output torque when the phase current
can be measured.

From the abovementioned results, two conclusions can be
drawn. First, the cause of the nth-order output torque can be
described quantitatively. For example, the output torque funda-
mental component is generated by the dc current, the fundamen-
tal component of the current, and the second-order component
of the current and so on. The quantificational expression can be
easily obtained by setting s = jω. Second, the effect of the phase
current is described. For example, the fundamental component
of the phase current generates an output torque of the second
harmonic order, and dc, third and first harmonic orders, and so
on. This kind of phenomenon is defined as the frequency shift
effect.

B. SFSC Model

To describe the complex couplings, an SFSC model is intro-
duced, as shown in Table II.

As the abovementioned table shows, one frequency of the
phase current can generate a cluster of frequencies of the output
torque after nonlinear inductance. The fundamental component
of the phase current can be shifted in frequency symmetrically
for ±f, ±2f, and so on, thus, generating output torques of dc,
2f, –f, 3f, and so on. The results are for a single phase, however
if three phases are considered, the torque harmonics that are
not the third or multiples of the third will offset each other.
The SFSC model not only reveals the mechanism by which the

Fig. 2. FFT results of the phase current and output torque.

average or ac torque is generated, but also helps to explain the
amplitude–frequency characteristic.

As shown in Fig. 2, the fast Fourier transform (FFT) is applied
to the phase-current waveform and output-torque waveform
obtained in the simulation. The main components of the phase A
current do not include harmonics of the third order or multiples
of the third order and by Table I, the strongest frequency shift
effect is by the first order. So, the main components of the
output torque can be dc, and the second and third harmonics.
Considering that the amplitude of the output torque could be
nonzero only when the order takes integer times of three or
multiples of three on the condition of three-phase symmetry,
the main orders of the harmonics of the output torque are three
and nine. The FFT results of the simulation are as follows, and
the components are mainly dc and the third and ninth harmonic
orders. Due to the offset effect of three-phase symmetry, the
amplitudes of lower-order harmonics such as the first or second
are small instead.

In summary, SFSC model explains how torque ripple is gen-
erated. First, there exist strong enough harmonics of the phase
current and harmonics of the EIRC, and their orders are adjacent.
Second, the orders of harmonics of torque take integer times of
three or multiples of three.

C. Similarities and Differences With the LDM

By setting s = 0, the average output torque can be written as
the sum of

T (0) = − j3

2
IfNp

{
+∞∑

n=1

nLpfn[I(jnNp2πfmec)

− I (−jnNp2πfmec)]

}

. (13)

Inserting (5) into (12), we obtain

T (0)=− j3

2
IfNp

+∞∑

n=1

nLpfnIncosθm. (14)
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For the ease of comparison, all the symbols in (13) are the
same as in (9). The expression is in consistent with the results
of the LDM deduced in the time domain.

In the frequency domain, we take the output torque harmonic
of order of third as an example. Setting s = j3ω, we obtain

T (s) = −j3

2
IfNp

{
+∞∑

n=1

nLpfn[I (j(n+3)Np2πfmec)

− I (j (3− n)Np2πfmec)]

}

. (15)

This shows the magnitude and phase relations between the
torque and some harmonic of the phase current. Note that
although the SFSC model is more complex than other models,
it is more suitable for the analysis of frequency and has the clear
and detailed information about the coupling and phase reserved.

IV. NTH SYNCHRONOUS REFERENCE VECTOR CONTROL

A. Weighted Phase Difference

Based on the analysis of the SFSC model and the LDM in the
multidomain, we define the FSEW phase difference as

θ̄ =
k∑

n=1

nLpfnIn cos(Δθn)

Irms
(16)

where Lpfn is the harmonic excitation inductance. The weighted
phase difference is defined to increase the average output torque.
The physical significance of the weighted phase difference is
deduced as

Tdc

Irms
= −3IfNp

2
θ̄. (17)

This ratio is proportional to the torque/current ratio.
The fundamental frequency can be as high as 1.3 kHz when the

rotation speed is 10 000 r/min. Therefore, it is almost impossible
to produce a nonlinear phase current wave as with the EICR to let
the phase difference be zero for each order. To achieve the max-
imum torque per ampere (MTPA), a weighted phase difference
is introduced. Thus, how large the phase difference is between
some phase current harmonic and some EICR harmonics should
be specified under the condition that weighs the phased differ-
ence to be maximum. The following section presents how to
realize the MTPA with weighted phase difference as the target
function.

Note that, for other nonsinusoidal motors, similar analysis and
control can be applied as well to realize quantitative modeling,
control and optimization.

B. Vector Control of the nth Synchronous Reference Frame

The flow diagram of self-optimization is shown in Fig. 3.
In the control program, harmonic detection is always

running. The Boolean value of the conditional statement is
always “true”. Thus, information about the amplitude and phase
of each harmonic can be obtained promptly.

The main control algorithm consists of three parts. First, a
counter sets the value of the wait periodically. This part is easy

Fig. 3. Flow diagram of the self-optimization process.

Fig. 4. Definition of the synchronous reference frame of some order.

and simple, so it is omitted here. Second, when the value of the
wait is reached, the algorithm begins the next step to weight the
phase and amplitude of harmonics to obtain the weighted phase
according to (16). Third, the perturbation-observation method
works to find the value of the advanced angle, which allows the
target function in (16) to be maximized.

In the synchronous reference frame of some order, Δθn as
mentioned earlier is defined in Fig. 4. The d-axis serves as the
reference of the electric angle of some order and the rotor axis
of some order. In this way, the DSEM can be decomposed into
n permanent magnet synchronous motors with rotation speeds
of actual speed, which is two times the actual speed and so
on. Thus, the phase difference defined earlier is similar to the
angle between the back electromotive force and current vector
in synchronous motor control. The definition is shown in Fig. 4.
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TABLE III
MEANINGS OF THE SYMBOL USED IN THIS ARTICLE

Fig. 5. Harmonic detection algorithm.

For improved understanding, Table III gives the definition of
the symbol of the angles used.

Synchronous reference frame harmonic detection is intro-
duced here to obtain the magnitude and phase of each order
of harmonics. The schema of the algorithm is shown in Fig. 5.

The algorithm contains three main steps. First, sample the
phase current, apply the Park transformation of the correspond-
ing order, filter the low-frequency components and apply the
inverse transformation, which is carried out at the frequency of
the sampling interruption. Second, the results of the first step are
weighted and the weighted phase difference is calculated per
100 ms, which reduces the demand on the central processing
unit. Third, adaptive control is applied.

To better filter the ac component, a moving average filter
(MAF) is used here. The filter is analyzed in [12], and the Bode

Fig. 6. Bode diagram of MAF.

Fig. 7. Effect of armature reaction on excitation inductance.

diagram is shown in Fig. 6. Because nref is set as 10 000 r/min, the
electric frequency of the fundamental is 1.33 kHz. The number
of sample points is set as 50, so here we choose the sampling
frequency to be 66.5 kHz.

C. Effect of the Armature Reaction on Proposed
Optimization Method

As shown in Fig. 7, the armature reaction can dramatically
affect the value of Lpf [20]. The negative current acts as de-
magnetization and Lpf increases while the positive one acts as
magnetization and Lpf decreases. Considering the saturation of
magnet material, the increment is larger than the decrement.

When phase current turns from positive to negative period-
ically, the excitation inductance becomes smaller and larger
periodically as the red arrow shows.

However, the armature reaction for a nonsinusoidal motor is
hard to calculate precisely; so here, we present a qualitative error
analysis.

First, rewrite (16) and (17) in the following form:

Tdc

Irms
= −3IfNp

2

k∑

n=1

nLpfnIncos(Δθn)

Irms
. (18)
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Fig. 8. Waveforms of the excitation inductance and the phase current of the
single phase considering armature reaction.

When considering the armature reaction, (18) assumes the
following form:

Tdc

Irms
= − 3IfNp

2

k∑

n=1

n (Lpfn +ΔLpfn) In cos (Δθn)

Irms
(19)

Tdc

Irms
= − 3IfNp

2

k∑

n=1

n(Lpfn −ΔLpfn
′)Incos(Δθn)

Irms
. (20)

where +ΔLpfn(ip,If,θ) is the increment of the excitation induc-
tance when the phase current is negative, and –ΔLpfn (ip,If,θ)
is the decrement of the excitation inductance when the phase
current is positive. The equation shows the instantaneous value
of the ratio of torque to current. Therefore, the average of ratio
of torque to current is
∫

Ts

Tdc/Irms

Ts
dt = − 3IfNp

2IrmsTs

×
[∫ Ts/2

0

k∑

n=1

n(Lpfn +ΔLpfn)Incos(Δθn)

Irms
dt

+

∫ Ts/2

0

k∑

n=1

n(Lpfn −ΔLpfn
′)Incos(Δθn)

Irms
dt

]

. (21)

Considering the symmetry of the control, for ideal motor
model, we have

ΔLpfn = ΔLpfn
′. (22)

The abovementioned analysis can be explained in the Fig. 8.
The solid line is for the actual value of the excitation inductance.
The dashed line is drawn for comparison. The red shadowed
part is the loss of torque because of the armature reaction, and
the green one is the gain. Ideally, they offset each other in the
proposed optimization method. In this way, the proposed method
obtains the dc output torque, avoiding the precise calculation of
the effect of armature reaction.

When saturation of magnetic material is considered, the error
sources of this optimization method are obtained mainly from
the two aspects.

Fig. 9. FFT results of excitation inductance with different armature reaction.

First, when saturation of magnetic material is considered,
ΔLpfn and ΔLpfn

′ cannot offset each other completely and
causes the error. Nevertheless, the error decreases. The situation
is shown in Fig. 8.

In this situation, considering the positive term and the negative
term cannot offset each other completely, we use a constant bias
to simplify the effect of the armature reaction, which satisfies

[∫ Ts/2

0

k∑

n=1

n(Lpfn +ΔLpfn)Incos(Δθn)

Irms
dt

+

∫ Ts/2

0

k∑

n=1

n(Lpfn −ΔLpfn
′)Incos(Δθn)

Irms
dt

]

=

∫ Ts

0

k∑

n=1

nLpfn
′Incos(Δθn)dt. (23)

We call Lpfn
′ the equivalent inductance here. Obviously, Lpfn

′

is larger than Lpfn, identical to the negative phase current situa-
tion in the literature [20]. To decrease the error, we use Lpfn

′ in
the FEA when the load current is negative.

Second, Lpfn
′ changes as the load changes. When load

changes, the equivalent inductance Lpfn
′ changes, too. There-

fore, the weighting factors programmed in advance may not
represent the actual inductance.

The FEA results of the armature reaction are shown in
Fig. 9. The conclusion can be drawn that although the abso-
lute value of the inductance changes, the proportions of the
main harmonics generating the dc output torque stay almost
the same as the phase current changes. This means that the
optimization is still valid because the weighting coefficients
are influenced by the proportions of the different orders of the
harmonics.

The main harmonics are considered to be the first and second
harmonics. The waveforms become sharp when armature reac-
tion acts as demagnetization mainly because the fourth harmonic
grows larger. The results are shown in Fig. 9.

In Fig. 9 we use the standard value. The base value is the first
harmonic of each order.
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Fig. 10. Diagram of the new control system.

Thus, when the DSEM works under a certain condition, the
effect of the armature reaction on the proposed optimization
method is undermined. When the load changes dramatically,
(18) is still valid because the weighting coefficients that are in-
fluenced by the proportions of the harmonics are almost constant.

D. Local Optimum and Vibration

To ensure that there exists no local optimum problem, opti-
mization starts at the lowest limit of the sum of α and β and then
restarts at the highest limit of the sum of α and β. In practice,
no local optimum is found.

For the case of vibration, the step is set proportional to the
weighted phase difference, and the step therefore decreases over
time. Ultimately, the sum of α and β changes in a very small
range as a response to the continuous fluctuation in the rotation
speed.

V. EXPERIMENT AND SIMULATION VERIFICATION

As shown in Fig. 10, the motor is controlled by speed outer
loop and current hysteresis loop. The nonlinear FEA model built
in MAXWELL is exported and a lookup table is used to build up
a nonlinear model in MATLAB for simulation. The control is
programmed in the S-function model to keep consistent with
reality as much as possible. The results obtained online are
shown in Fig. 11. The solid line is fundamental, the dash line
is the second harmonic and the dotted dash line is the fourth
harmonic, which are the main sources of the output torque by
the forthcoming analysis. The FSEW phase difference changes
as the advance angle changes and reaches a higher value finally.

In experiments, the results of adaptive control are shown in
Figs. 12–17. Experimental conditions are nref = 10 000 r/min,
and If = 7 A.

From the abovementioned results, when U/ω increases, the
commutation is easier. Therefore, the commutation does not
need that much value of the advanced angle, and the ideal ad-
vanced parameters decrease. When the phase current increases,

Fig. 11. Simulation results. (a) Phase differences and amplitudes of the first,
second, and fourth phase currents obtained by harmonic detection. (b) Dynamics
of the startup and self-optimization process. (c) Dynamics of the observed ratio
of torque to current. Condition: nref = 10 000 r/min, Udc = 200 V, Tload =
9.5 N·m, U/ω = 0.2V·s/rad.

Fig. 12. Experiment platform of the DSEM.

more time is need for the phase current to reach a higher value,
and thus ideal advanced angle parameters increase

ratio =
Nsample2

Nposition

360 ·Np
= 2.84 (24)
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Fig. 13. Simulation of the root mean square value of the phase current when
the advance angle changes (Solid line: nref = 10 000 r/min, Udc = 150 V, and
Tload = 4 N·m. Dashed line: nref = 5000 r/min, Udc = 150 V, and Tload =
4 N·m. Dotted line: nref = 10 000 r/min, Udc = 150 V, and Tload = 2 N·m.).
The cross in the figure stands for the situation that the output torque cannot be
generated because of unreasonable advanced angle parameters. The diamond
stands for the advanced angle parameters the adaptive method finds.

Fig. 14. Load step-up and step-down under the conditions of If = 3 A, Udc

= 45 V, and nref = 5000 r/min. (a) Output power step-down from 2 to 1 kW.
(b) Output power step-up from 0.5 to 1 kW.

Fig. 15. Dynamics of the startup and self-optimization process.

Fig. 16. Advance angle tuned by FSEW self-optimization during load-up
dynamics. The ratio of the signal value to the actual value of advanced angle
and is 2.84.

where Nsample stands for the pole-pair number of rotating recti-
fier. Nposition stands for the 12-bit digital signal of position.

As shown earlier, when load changes currently, the adaptive
optimization method can change swiftly and reach a relatively
lower value of phase current finally.

In the simulation, the adaptive optimization is applied to show
the whole dynamic process of the weighted phase difference
from the start. The advance angle values are changed to com-
pare the phase current with that of the FSEW self-optimization
control. The results are given in Figs. 11 and 13. Nonlinear
inductance model is imported from MAXWELL and lookup
method is used to build the nonlinear model.

The DSEM experiment platform is shown in Fig. 12. In exper-
iment, Figs. 14–17 give the dynamic and steady performance.
Although there exists a little fluctuation, but it is acceptable,
considering the fluctuation of rotation speed.

In Fig. 17 (c) and (d), the ideal advanced angle appears closely
after the point that the according torque can be generated, which
is the same as the situation in simulation in Fig. 13. The results
suit the analysis well. We know that phase difference increases
as the advance angles increase. According to (10) or (14), that
means cosΔθi decreases. To generate the output torque, Ii needs
to be improved and thus ratio of torque to current decreases. So,
the ideal advanced angle appears closely after the demanding
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Fig. 17. Diagram of the phase current and digital signal of control under
steady state (a) nref = 10 000 r/min, Udc = 100 V, If = 7 A, and load = 2 kW:
phase current under advance angle tuned by FSEW self-optimization method.
(b) Udc = 100 V, If = 7 A, and load = 2 kW: FSEW self-optimization results
of advance angle. (c) Load = 2 kW. Phase difference of the first-order phase
current obtained by harmonic detection. (Cross for the situation that according
output torque cannot be generated). The three lines stand for the maximum
value, average value and minimum value, respectively. (d) Load = 2 kW. Phase
difference of the second-order phase current obtained by harmonic detection.
(Cross for the situation that according output torque cannot be generated). The
three lines stand for the maximum value, average value, and minimum value,
respectively.

torque can be generated. However, quantitative calculation de-
pends on the abovementioned analysis. By calculating the ration
of torque to current, MTPA can be achieved.

VI. CONCLUSION

Aiming for improved accuracy of modeling and control,
this article proposes a Fourier FEA model, a linear decoupled

model, and an SFSC model. Then, by introducing the nth dq
synchronous reference frame, a composite control strategy of
hysteresis-six state advanced angle control-frequency shifted
effect wighted (H-SAAC-FSEW) is proposed and MTPA con-
trol is realized. A related experiment is designed to verify the
effectiveness of the abovementioned theories. Note that these
models provide not only a self-optimization method to tune the
AAC parameters, but also a quantitative model of the extremely
nonlinear system. The following conclusion can be drawn.

1) In the time domain, a Fourier FEA model is proposed. This
model reserves all the couplings. Based on that, a simple
LDM is deduced, with the focus on the average output.

2) In the frequency domain, the SFSC model distinguishes
the complex coupling between the torque and phase cur-
rent. The transfer function of the average torque and third
harmonic torque is deduced, and the frequency shift effect
is proposed.

3) A composite self-optimization control strategy is pro-
posed to achieve the MTPA by looking for the work point
where the FSEW phase difference takes the maximum
value.

4) A 3-D model of the excitation inductance is introduced
here to explain the armature reaction on the proposed
method. In ideal situation, the effect can be eliminated.
Considering the saturation of magnetic materials, the ef-
fect still can be diminished.
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