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Abstract: The high-frequency signal injection-type maximum torque per ampere (MTPA) algorithm
is usually employed to control the operation of interior permanent magnet synchronous motors
(IPMSMs). The MTPA algorithm exhibits good dynamic performance and anti-interference ability.
However, due to the injection of a high-frequency current signal, problems such as torque ripple
and additional loss are encountered. Therefore, in this paper, a virtual signal injection control (VSIC)
method that does not require actual injection is proposed for solving the aforementioned problems
while yielding good performance. However, in the control process of the proposed method, the
d-axis inductance parameter affects the accuracy of the torque information, resulting in errors in the
system. To solve this problem, an online identification algorithm of model reference adaptive systems
(MRAS) based on the Popov super stability theory as the basis for the design of the adaptive law is
proposed in this paper. The d-axis inductance parameter of the motor is obtained in real-time and
then introduced into the control system by using the VSIC method. Finally, VSIC-type MTPA control
based on inductance identification is realized. The proposed algorithm does not depend on the design
parameters of the motor and exhibits good dynamic response and anti-interference performance.

Keywords: permanent magnet synchronous motor; model reference adaptive system; virtual signal
injection control; maximum torque per ampere

1. Introduction

With the advancements in high-performance permanent magnet materials, especially
the emergence of rare-earth permanent magnet materials, the performance of interior per-
manent magnet synchronous motors (IPMSMs) has been greatly improved [1]. Compared
with the traditional electric excitation motor, the IPMSM offers the advantages of simple
structure, reliable operation, small size, low weight, low loss, high efficiency, and superior
performance [2]. The maximum torque per ampere (MTPA) algorithm is widely employed
as an efficient control method for IPMSMs. It can output the maximum torque under a
certain stator current, thereby improving the operating efficiency of the entire system [3].

The mainstream MTPA control methods include direct formula calculation, parameter
identification, table look-up, automatic search, and high-frequency signal injection.

In the direct formula calculation method, the minimum value of the electromagnetic
torque equation is obtained by derivation, and then the value of the stator current on the
alternating and direct axis components is directly obtained [4]. Although the direct formula
calculation method is relatively simple, the parameters change during the operation. The
parameter identification method can obtain accurate motor parameters in real-time and
improve the running accuracy of the motor by utilizing the direct formula method combined
with online parameter identification. However, this method involves tedious parameter
monitoring and estimation; thus, it requires the controller to have high computing power
and additional hardware [5]. In view of the problems encountered in the formula calculation
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method, scholars proposed the table look-up method [6]. The table look-up method
simplifies the computational complexity and can take into account the parameter change
factors, but it takes up a lot of storage space and requires a large offline test workload.
In the automatic search method, the vector angle of the stator current is adjusted by
continuously giving a small step angle under the steady-state operation of the system
to achieve the optimal control strategy of MTPA [7]. The automatic search method can
automatically and gradually approach the MTPA trajectory when the parameters change,
but the convergence speed and torque control accuracy are low. The high-frequency signal
injection method involves observing the feedback amount of the high-frequency signal
injected into the system and calculating and analyzing it to obtain the optimal working
state [8,9]. The high-frequency signal injection method adjusts the optimal operating point
of the MTPA control in real-time according to the motor torque pulsation generated by
the injected signal, but the injected high-frequency current increases the system torque
pulsation and results in increased power loss. To solve this problem, a virtual signal
injection control (VSIC) method is proposed. This method is basically the same as the
high-frequency signal injection method. The sine wave signal is virtually injected into
the stator current angle so that the torque change information of the motor is included in
the motor torque model, and the torque information containing high-frequency signals is
extracted to determine the degree of deviation, which definitely avoids the high-frequency
pulsation caused by the actual signal injection [10,11]. However, the VSIC method is related
to the inductance parameters of the motor. When the motor parameters are inaccurate,
it will deviate from the optimal operating point. Therefore, introducing an appropriate
parameter identification method into the VSIC system can effectively improve the operation
accuracy of the control system.

Online identification has been widely used due to its good real-time performance.
Online identification methods mainly include recursive least squares, extended Kalman
filter, model reference adaptive system (MRAS), and neural networks.

The recursive least squares method is the most widely used online identification
method in engineering. In this method, the data obtained in the previous step is corrected
according to the data obtained in the current step based on the estimated value of the
model parameters in the previous step to obtain the model parameters at the current
step [12,13]. However, data saturation occurs during the recursive operation process,
thus requiring high system hardware and software programming. The extended Kalman
filter method integrates the discrete space model into the filtering algorithm and realizes
the optimal estimation of the system state by making the estimated covariance reach the
minimum value [14,15]. When the extended Kalman filter method identifies multiple
parameters at the same time, the operation process becomes more complicated, which
increases the difficulty. The core idea of the MRAS method is to gradually converge to the
actual parameters in the reference model by adjusting the parameters of the adjustable
model and through the pre-designed adaptation law [16]. The MRAS method is simple in
principle, accurate in identification, and fast in convergence. The neural network method
can obtain better convergence characteristics, but its algorithm is very complex; thus, it
is subject to many limitations in practical applications [17]. With further advances in the
field of parameter identification in recent years, many new identification methods have
been established. A previous study proposed the identification of PMSM parameters by
using the particle swarm algorithm combined with cloud model theory, which has fast
convergence speed, high precision, and efficient local evolution and mutation capabilities,
avoiding the problem of easily falling into the local maximum that is encountered in the
traditional particle swarm algorithm [18]. A previous study employed a genetic algorithm
in a Markov chain model for parameter identification, taking into account the identification
speed and accuracy [19].

To sum up, in this paper, the MTPA control of the IPMSM is realized using the virtual
signal injection control (VSIC) method to improve the operation efficiency of the motor.
Moreover, according to the influence of d-axis inductance parameters on the accuracy of
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torque information, the MRAS is proposed to identify the motor parameters online. Finally,
the MRAS and MTPA are combined to form the overall control system, and the MTPA
control based on real-time online identification of inductance is realized.
2. IPMSM Mathematical Model and MTPA Control

The voltage of the IPMSM in the d-q coordinate system can be expressed as follows:

ug = Rig — wlqiq + Lg%t @
g = Rig + (s + Laig) + Lagd

The electromagnetic torque can be expressed as follows:
Te = 1.5p(¢siq + (La — Lq)ialq), 2

where iy, ig, and uq, uq are the current and voltage of the stator d-q axis, respectively. Lq
and Lq are the stator d-g-axis inductance, respectively; R is the stator resistance; i is the
permanent magnet flux linkage; w is the electrical angular velocity; T is the electromagnetic
torque, and p is the pairs of poles.

From Equation (2), it can be seen that in addition to the excitation torque generated by
the permanent magnet, there is the reluctance torque generated by the d-q axis inductances
in the electromagnetic torque, and the magnitude of the electromagnetic torque outputted
by the motor depends on iy and ig. As shown in Figure 1, the angle between the stator
current I and the d-axis is called the current vector angle 5. The calculation relationship
between I, ig, iq, and B is shown in Equation (3).

{ ig = Iscos B 3)

iq=IssinB ’

aV

fa

Figure 1. The current vector relationship in the d-q coordinate system.

By substituting Equation (3) into the torque formula (Equation (2)), we obtain the
electromagnetic torque calculation formula expressed by the stator current and the current
angle as shown in Equation (4).

Te = 15p(y¢lssin p+ (Lg — Lq)IZ sin B cos ), 4)

The MTPA current angle can be obtained using Equation (5).

—Pr+ \/%2 +8(Lg — Lq)* 12
4(Ld - Lq)ls ’

B = arccos

©)

To realize MTPA, the proportion relationship between iy and iq must be reasonably
distributed to achieve the maximum electromagnetic torque output in the IPMSM.
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3. MTPA Control Based on Virtual Signal Injection
3.1. Determining the Torque by Using a High-Frequency Signal

When the motor is in a stable operation state, the differential term in the d-q axis
voltage equation (Equation (1) can be regarded as zero, and the d-q axis voltage can be
expressed as follows:

Lq= _ ug—Rig
R , (6)
P =1 leq — Lqiq

Substituting Equation (6) into Equation (2), we obtain

3 Uq— iq . uq — Rig C N
Te = EP(T *Ldld‘I“(iqT‘l“Ld)ld)lql @)
After calculating the re-expressed electromagnetic torque, a high-frequency sinusoidal
small-signal AB (Equation (8) is mathematically injected into the current angle 8 in Equation
(3); the corresponding d-q axis currents iy and iq can be expressed as Equation (9), where

wy, is the injection frequency of the high-frequency signal.

AB = Asin(wpt), (8)

~

" = I, cos(B + AB)
b= Lsin(+ap)

The injection frequency wy, in the high-frequency sinusoidal small-signal A must
be greater than the bandwidth of the outer speed loop, and the frequency wy, must be
much smaller than the inverter switching frequency to ensure the integrity of the injected
signal. Moreover, the amplitude A must be sufficiently small to ensure that the injected
high-frequency signal is not affected by the speed change.

Substituting Equations (8) and (9) into Equation (7), the torque expression containing
high-frequency information can be obtained as shown in Equation (10).

©)

~

ug — Ri —Ri

TE(B + Asin(n)) = pp(" T~ Lalia— i) + MRS, 0)

From Equation (10), it can be seen that to achieve accurate torque information estima-
tion, only the L4 information is needed. Although (¢ + Lqiq) varies with temperature and
d-q axis current, it can be considered constant during signal injection because (1q — Riq)/w
and (Rig — uq)/iqw represent parameter information (¢ + Lqiq) and Lq. Thus, (¢ + Lgiq)
can be considered constant during signal injection, and no high-frequency signal is injected
into the stator current angle contained in iq and iq.

3.2. Processing of High-Frequency Torque Signals

The expression of the torque model containing high-frequency information expanded
according to Taylor’s formula is shown in Equation (11).

. oTe , . 0 ,dT,
TN(B + Asin(wyt)) = Te(B) + ET[EA sin(wyt) + @(afﬁe
Because the injected high-frequency signal amplitude A is sufficiently small, the first-

order term in Equation (11) is the main part of the torque change information, and the

higher-order terms (above the second-order term) have little influence on the torque change
and can be ignored. Further, the quadratic term in the Taylor expansion can be expanded

JAZsin?(wpt) + -+, (11)
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into the sum of the constant term and the double frequency term of the injected signal by
using trigonometric functions as follows:

LRI
op " op

As previously mentioned, the core principle of MTPA implementation is to make the
first-order partial derivative of torque to current angle 0T./df = 0. Next, we need some
methods and filters to perform the signal processing of the clutter in Equation (11), as

shown in Figure 2. Finally, the part containing only dT./9df term is obtained to realize
MTPA control.

= ;a(')ﬁ(aa%mz(l — cos(2wpt)), (12)

) A% sin?(wpt)

. Teer Th
T.' —» BPF » LPF F—» 75

sin(whnf)
Figure 2. Extraction of virtual signal injection MTPA criterion.

In Figure 2, the torque signal containing high-frequency components is passed through
the band-pass filter (BPF) to obtain only the fundamental frequency component of the
injected signal. The BPF is a device that allows certain frequency bands of waves to pass
while blocking other frequency bands. The center frequency of the BPF is wy,, and all
the signal components of other frequencies are filtered out. Next, after multiplying with
sin(wyt), the quadratic component of sin(wyt) is obtained, and Equation (13) is obtained by
expanding Equation (12).

%];Asinz(wht) - ;%];A(l ~ cos(2wnt)), (13)

Equation (13) consists of a constant term containing only dT./dp and the double
frequency term of the injected signal. Finally, the first-order deviation of the electromagnetic
torque is obtained after the double frequency term is filtered out by the low-pass filter (LPF)
(Figure 2). The action of the LPF is to suppress the high-frequency of waves and allow the
low-frequency of waves to pass.

To sum up, in the proposed method, the calculation formula of electromagnetic torque is
re-expressed as follows: by injecting a high-frequency, small-amplitude current angle signal,
the high-frequency signal of the current is included in the expression of the electromagnetic
torque. Next, the torque model containing high-frequency information is expanded according
to the Taylor formula, dT./dp is obtained after multiple filtering, and the integral result is
taken as the given value of the reference current angle. If it does not work at the MTPA point
at this time and 9T, /9 # 0, the integrator will continue to integrate and adjust the current
angle until it works at the MTPA point; at this time, 90T¢/dp = 0, and the reference current
angle remains unchanged from the previous state due to the zero input to the integrator, and
the motor continues to run at the MTPA point.

3.3. Error Analysis and Application Occasions

Compared with the formula calculation method, the VSIC method involves fewer
motor parameters; thus, the influence of parameter changes on the MTPA control accuracy
is greatly reduced, high-frequency signals do not need to be injected into the motor, and
the torque to the current angle change rate can be obtained through signal processing
technology to achieve complete MTPA control. However, there is still a certain amount
of error in the MTPA angle obtained using this method. From Equation (10), it can be
seen that to accurately obtain the change rate 0T /0P of the electromagnetic torque to the
stator current angle, it is necessary to replace the permanent magnet flux linkage 1, the
direct-axis inductance Ly, and the quadrature-axis inductance Lq. However, ¢f and Lyigq are
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coupled in the motor parameter estimation formula (Equation (6) and cannot be extracted
separately. Therefore, the error of the direct-axis inductance L is ignored.

When the reluctance torque ratio of IPMSM is large, Ly(ig — igh) in Equation (10)
can be ignored. The approximate calculation formula (Equation (14) further ignores the
influence of Ly change so that the MTPA control strategy based on VSIC is not affected by
any parameters; thus, it is simpler and more convenient.

Mg~ Riq | ug — Rig

o o i (14)

T (B + Asin(wnt)) = 2 p(
However, in the IPMSM with a small proportion of reluctance torque, Lq(iq — igh)
cannot be ignored; otherwise, the error between the automatically found MTPA point
and the correct MTPA point in the algorithm will be too large, resulting in the failure of
optimization. In the simulation, by setting an IPMSM with a small reluctance torque, the
optimization results obtained using the exact torque calculation formula (Equation (10) are
compared with those obtained using the approximate torque calculation formula (Equation
(14)), and the simulation data are recorded (Figure 3). The optimization effect is better in
the IPMSM with a small reluctance torque using the accurate calculation formula.

15
12

=

Z9

~

Ly
6 .

e—e—o Approximate

3 e—e—e accurate

0 2 4 6 8 10 12 14 16 18
Is/A

Figure 3. Comparison of simulation results obtained using different torque calculation formulas.

Based on the above analysis and simulation verification, for the IPMSM with a large
proportion of reluctance torque, the approximate torque calculation formula can be used to
ignore the influence of the d-axis inductance and thus simplify the control system. When the
reluctance torque is small, the change in the inductance term cannot be ignored; otherwise,
the control accuracy will be reduced, and the optimization will fail. Therefore, the value of
the d-axis inductance must be obtained in real-time.

4. MTPA Control Based on Inductance Identification
4.1. Model Reference Adaptive System

As previously discussed, for realizing high-precision control by using the MTPA
virtual signal injection method in an IPMSM with a small reluctance torque, the influence
of the inductance term cannot be ignored, and the d-axis inductance of the motor must be
known. Therefore, the online identification of the inductance must be realized using the
MRAS system, which consists of a reference model, an adjustable model, and a parameter
adaptive law. The reference model specifies the performance of the system, and its output
represents the desired ideal output curve of the closed-loop control system, which shows
the main features of MRAS. The actual motor is set as the reference model and is inputted
at the same voltage as the adjustable model; the error signal ¢ is generated by comparing
the current output in real-time. The parameters of the adjustable model are modified
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using appropriate adaptive laws. When the error signal decays to 0, the parameters of the
adjustable model converge to the actual value. The structure of MRAS is shown in Figure 4.

Reference
model Y+
u—— / =
Adjustable yT-
model
/ The pa‘rameter o
adaptive law

Figure 4. Block diagram of the model reference adaptive system.

For the IPMSM system, the input is u = [uquq ]T, the output of the reference model
isy =i = [igiq ]T, the output of the adjustable model is § = 1 = [igiq }T, and the output
quantity error is e = i — 1.

The adaptive law of the model reference adaptive system is a vital part of the sys-
tem. Currently, the following three common methods are available for determining the
appropriate adaptive law:

1.  Design method based on local parameter optimization theory (MIT method);

2. Design method based on Lyapunov function;

3. Design method based on ultra-stable and positive dynamic theory (Popov super
stability theory).

Among the three methods, the MIT method causes significant defects, and the stability
of the adaptive system is not known. In contrast, although the Lyapunov function-based
design method is feasible for designing a stable model reference adaptive system, the
Lyapunov function has no definite form and includes different types. The Popov super
stability theory involves using the reverse solution of the Popov integral inequality to
construct the parameter adaptation rate. Because the solution process is concise, it is widely
used in the construction of the parameter adaptation rate of the MRAS system.

To sum up, in this study, the design method based on the Popov super stability theory
was adopted to construct the parameter adaptation rate of the MRAS system. For the
MRAS system to reach an asymptotically stable state, the following two conditions of the
Popov law of super stability must be satisfied:

1.  The conditions of the Popov integral inequality must be satisfied according to the
nonlinear time-varying feedback loop;

2. An appropriate gain matrix M must be selected to ensure that the transfer function
matrix of the linear steady forward loop is strictly positive and real.

4.2. Reference Model of the IPMISM System
According to Equation (1), the state space equation of the IPMSM system can be

described as follows:
di Rs L . 1
o o T T@|fia] o |ta O[]
dig | T 1 _Lay, R 0 +||u
dt Lq Lyl b4 Lq q
Equation (15) is considered as the reference model of IPMSM in the MRAS and is
simplified as follows:

0
' ]r (15)

— ¥y
Lq

i=Ai+Bu+C, (16)
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R Lq 1
Lﬁt} idRslfB:[(ji 1],andC:l¢fw1.
Lq LCI

4.3. Adjustable Model of the IPMSM System

In the identification process, the motor speed w and rotor flux linkage ¢ are assumed
to be constant; thus, the parameter adjustable model can be constructed from the following
reference model:

j = Ai+ Bu+ C — Me, (17)
—Rs :—qCu L0 0
where A = tﬁd LdR ,B = [Ld‘ 1] ,C = l_ipfw], M is the gain matrix, and
_aw _Z [:q Lq
M — [_mll _m12:|'
nmp;  —Mp2

The error equation of the model-referenced adaptive system is obtained by subtracting
the adjustable model from the following reference model:

e = (A4 M)e+ AAi + ABu + AC, (18)
where AA=A— A AB=B—B,and AC=C-C.

4.4. Model Reference Adaptive System Parameter Identifier Design

The error equation of MRAS is transformed into an equivalent nonlinear time-varying
feedback system that consists of a linear steady-state forward loop and a nonlinear time-
varying feedback loop.

Let w = —(AAi+ ABu + AC). Accordingly, the parameter identification model
formula (Equation (18)) can be rewritten as follows:

e=(A+M)e—w, (19)

The equivalent nonlinear time-varying feedback system can be derived from Equation
(19) and is shown in Figure 5, where ¢(e) is the adaptive law with respect to the parameter
matrices A, B, and C.

W=-(AAi+ABu+AC)  [€—— (o) (a—

Figure 5. Equivalent nonlinear time—varying feedback system.

The nonlinear time—varying feedback system constructed above must satisfy the con-
ditions of the Popov integral inequality. The Popov integral inequality is given as follows:

t
7(0,t1) = /0 eTwdt > 2, (20)

In Equation (20), for any ¢ > 0, -y is a finite constant independent of ¢.
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Taking Ly and Lq as identification objects and substituting w into Equation (20), we
obtain the follows:

t t )
7(0,1) = / " eTwdt = / (—eTAAT — eTABu — eTAC)dt > —12, (1)
0 0

Equation (21) can be decomposed into the following three formulas:

t ~

(0, t) = — /0 "eTAAdL > — 712, (22)
fy

72(0,11) = —/O e'ABudt > —,2, (23)
fy

m(0t) = = [ eTacdt =~ (24)

According to the Popov super stability theory, as long as Equations (22)-(24) are
satisfied, the nonlinear feedback system remains stable. Then, the adaptive law can be
derived from Equations (22)—(24). Because Equation (23) does not contain the inductive
coupling term of the quadrature axis, the adaptive law of the identification of the quadrature
axis inductance can be deduced using Equation (23). Thus, Equation (23) can be transformed
into Equation (25) as follows:

~

tr A 1 1 . 2 1 1 2
12(0,t1) = _/0 (ig — ld)(fd - Z)“d + (iq — lq)(fq - fq)”th > -7, (25)

Next, Equation (25) can be decomposed into Equations (26) and (27) as follows:

b N 1 1
121 (O/ tl) = / (ld - ld)("i - 7)Uddt Z _’)/212/ (26)
0 Ld Ld
tl . 2~ 1 1 2
1722(0,t1) = / (iq —1q) (5= — — uqdt > —7227, (27)
0 Lq Lq

The PI adaptive law about L4 is usually expressed as follows:
i—i+f(t>+/tf(r)dr (28)
tzd Ld 1 0 1 ’

Only the adaptation law of the direct-axis inductance identification is analyzed; the deriva-

tion process of the quadrature-axis adaptation law is similar. Substituting Equation (28) into
Equation (26), 1721 (0, t1) can be further decomposed into the following two sub-inequalities:

Gl . 2
n211(0,t1) = /0 ugliq —ia) fi()dt > —y1%, (29)
t gt )
1212(0,t1) = /o ug(iqg — ld)/o fi(T)drdt > —ya127, (30)
From Equations (29)—(30), the PI adaptive law of parameter Lq can be obtained as follows:
1 1 1 A
— = —+ (k1 + —)ugq(ig — 1q), 31
i, I (k1 Tls) a(ia —1a) (31)

where kj and 7 are the proportional and integral coefficients of the Ly adaptive law, respectively.
Similarly, the adaptive law of Lq can be obtained as follows:

1 1 1 o
> = — — iq — 1 P 2
I, I + (ko + Tzs)uq(zq iq) (32)
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where k; and 7; are the proportional and integral coefficients of the Lq adaptive law,
respectively.

The overall structure of the IPMSM MTPA drive control system is illustrated in Figure 6.

Is igr Uy Ug | N
Gr, Speed [P /1B/ P cument Inverse sV 4 v.lc-nllqtraeee
regulator] dq ﬁ; controller | Y4.| Park |YR| PWM [~ inve rtir
A A
6 |B , .
lq | iq ‘ la °
i | Park s Clarke < i )
Ld w
VSIC [€{ MRAS
A TTA A A
id lg WUgUq |~
Speed | w Rotor position PMSM
forecast | detection

Figure 6. Interior permanent magnet synchronous motor MTPA drive control system.
5. Simulation Results and Analysis

In this study, the simulation model of the IPMSM drive control system was established
in the MATLAB/Simulink software environment, and the simulation tests and analysis
were performed. The main parameters of the motor are presented in Table 1. The main

parameters of the VSIC-type MTPA control method based on inductance identification are
presented in Table 2.

Table 1. Main parameters of the IPMSM in the simulation.

Main Parameters Rated Value
Rated speed 1000 r/min
Rated torque 10 N-m

g-axis inductance 12 mH

d-axis inductance 5.5 mH
The rotor flux 0.1827 Wb
Pairs of poles 4
The moment of inertia 0.003 kg~m2

Table 2. Main parameters of the VSIC-type MTPA control method based on inductance identification
in the simulation.

Main Parameters Numerical Value
Injected signal amplitude A 0.05 A
Injected signal frequency wy, 300 Hz
MRAS Lq PI proportional coefficient ky 0.01
MRAS Lq Pl integral coefficient 71 10.25
MRAS Lq PI proportional coefficient kp 0.01
MRAS Lq Plintegral coefficient 7, 1.02

5.1. MTPA Operation Effectiveness Analysis

The motor was run at 1000 r/min, 10 N-m. When the motor was in a stable operation
state, the stator current angle gradually increased from 1.57 rad to 2.14 rad. Figure 7

expresses the corresponding waveform changes of the stator current amplitude and 0T, /98
when the stator current angle gradually increases with time.
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Figure 7. Stator current angle, current amplitude, and 9T, /9dp waveform.

The stator current amplitude first decreased and then increased, reaching the minimum
att = 1.35 s. The minimum stator current RMS was 9.37 A, and the corresponding MTPA
angle was approximately 1.85 rad, which is in line with the expected actual value. The
MTPA points were the same. In addition, the corresponding torque versus current angular
change rate revealed that when B < Byitpa, 0Te/0B > 0; when 8 > Bmrpa, 0Te/9B < 0;
when = Bumrra, 0T /9B = 0. This result is consistent with the theoretical analysis, thus,
proving that the proposed method can effectively track the MTPA current angle.

Under the condition of no load, the motor reached the given speed value of 1000 r/min
after t = 0.06 s. When the motor reached a stable running state, a load torque of 10 N-m was
added at t = 1.5 s. The command and feedback tracking performance of the motor speed
and load torque, the motor torque tracking performance of the current angle change rate,
and the command and feedback of the stator vector angle were compared to demonstrate
the improved algorithm accuracy.

After a sudden load was applied, the speed decreased, and the system quickly returned
to the steady state (Figure 8), thus, showing that the proposed method has a good speed
tracking effect. After the system started, the speed tracked the command very well. The
overshoot was only 8 r/min (0.8%), the maximum speed drop after the addition of load
was only 12 r/min (1.2%), and it quickly returned to the steady state. The simulation
results show that the speed loop controlled by MTPA has good dynamic and steady-state
performance and strong anti-load disturbance capability.
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Figure 8. Waveform of rotational speed. (a) Waveform of rotational speed; (b) Zoomed waveform of
rotational speed.

Figure 9 shows that IPMSM can provide a large torque when starting. The motor load
torque was 10 N-m, and the electromagnetic torque was 10.32 N-m, indicating that the
motor has good accuracy. When the rated speed and rated load were used, the minimum
stator current value was 9.37 A, and the optimal stator current value was almost the same,
thereby demonstrating very good accuracy.
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(a) (b)
Figure 9. Torque and current waveforms. (a) Torque waveform; (b) Stator current waveform.

Figure 10 shows that at the moment of sudden torque change, the method responded
immediately to make the MTPA angle converge, and the corresponding MTPA angle after
stabilization was approximately 1.85 rad, which is the same as the expected actual MTPA
point. In addition, the PI regulator quickly adjusted it to a steady state of 0 to achieve the
purpose of automatically tracking the MTPA angle. However, due to the influence of the
filter and the integrator in the virtual signal injection method, it required 1 s to reach the
steady state.
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Figure 10. Stator vector angle and dT./dp waveform. (a) Stator vector angle waveform;
(b) 9T /9B waveform.

5.2. MTPA Operation Accuracy Analysis

To verify that the improved virtual signal injection control (IVSIC) method MTPA
control maintains strong robustness and accuracy under the parameter mismatch condition,
the rated parameters of the motor model in the simulation were changed. Lq and Lq were
set at 7 and 15 mH, respectively, which is an increase of approximately 1.25 times the rated
value. ¢¢ was set as 0.14 Wb, which is a reduction of approximately 77% of the rated value.
Then, the formula control (FC) method, virtual signal injection control (VSIC) method,
and IVSIC method were simulated and compared. For the IPMSM running at 1000 r/min
under a load of 10 N-m, when the motor was in a stable operation state, the stator current
angle gradually increased from 1.57 rad to 2.14 rad. The relational waveform of the angular
change rate is shown in Figure 11.

Figure 11 shows that under this working condition (1000-r/min running speed and
10 N-m load torque), the current vector amplitude changed with the current vector angle;
the minimum value was 11.12 A, and the corresponding radian was 1.99 rad. The 0T./9f
zero-crossing point obtained using the formula calculation method was far away from
the actual operating point of the MTPA, and the corresponding angle was 1.90 rad; thus,
demonstrating that the control effect of the FC method is greatly affected by changes in
the motor parameters and the obtained MTPA angle is not accurate. Further, the position
of 0T /dp zero—crossing point obtained using the VSIC method was close to the actual
operating point of MTPA, and the corresponding radian was 2.02 rad, but it was still
inaccurate. In contrast, the 0T, /dp zero-point obtained using the IVSIC method was very
close to the actual operating point of MTPA, which shows that the proposed method has
high accuracy. That is, the proposed method can more accurately track the MTPA operating
point and has high accuracy.

Figures 12-14 illustrate the tracking response curves and d- and g-axis current error
curves of the parameters to be identified. The value of Ly was increased to 7 mH (Figure 12),
that is, approximately 1.27 times the rated value, and the value of L4 was increased to 15 mH
(Figure 13), that is, approximately 1.25 times the rated value. Both parameters changed
simultaneously (Figure 14); the IPMSM was run under the conditions of 1000 r/min and
10 N-m. From Figures 1214, it can be seen that when the parameters changed, the dynamic
response of the parameters to be identified had a small overshoot and converged quickly
to the reference value, thereby demonstrating that the designed parameter identifier has
good parameter change tracking characteristics.
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Figure 11. Stator current angle, current amplitude, and 9T, /9 waveform.
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Figure 12. Identification of sudden drop in d-axis inductance. (a) d-axis inductance identification;
(b) d-axis and g-axis current errors.
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Figure 13. Identification of sudden drop in g-axis inductance. (a) g-axis inductance identification;
(b) d-axis and g-axis current errors.
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Figure 14. Identification of simultaneous changes in Lq and Lq. (a) d-axis inductance identification;
(b) g-axis inductance identification; (c) d-axis and g-axis current errors.

Figures 15-23, respectively, show the comparison charts of the tracking curves of the
d-axis current, g-axis current, and stator current when the FC method, VSIC method, and
IVSIC method were used. To highlight the influence of the change in the d-axis inductance
parameter on the working efficiency of the IPMSM, three parameter changes were employed
in this study. In the first case, the d-axis inductance parameter was increased from the
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initial state inductance value to 7 mH, the g-axis inductance parameter was increased from
the initial state inductance value to 15 mH, and the other parameters were left unchanged.
In the second case, the d-axis inductance parameter was decreased from the initial state
inductance value to 4 mH, the g-axis inductance parameter was decreased from the initial
state inductance value to 7 mH, and the other parameters were left unchanged. In the
third case, the d-axis inductance parameter was increased from the initial state inductance
value to 7 mH, and the g-axis inductance parameter was decreased from the initial state
inductance value to 9 mH, and the other parameters were left unchanged. For these
parameter changes, the calculated expected d-axis current, g-axis current, and the operating
point of the stator current changed accordingly. When the motor was run at 1000 r/min
under a load torque of 10 N-m, the waveform obtained when the motor was in a stable
operation state is shown in Figures 15-17.
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Figure 15. Comparison of tracking curves of g-axis current.
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Figure 16. Comparison of tracking curves of d-axis current.
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From Figures 15-17, it can be seen that when the inductance value was increased to
15 mH while the other parameters were left unchanged, the magnitude of the current vector
changed. The largest stator current amplitude was obtained using the FC method (9.22 A),
followed by the VSIC method (9.21 A) and the IVSIC method (9.20 A). The value obtained
using the VSIC method was inaccurate, whereas that obtained using the IVSIC method was
the same as the expected value, thus showing that the proposed control algorithm has high
accuracy. Additionally, when the parameter changes, the longest current transition time £
was obtained using the IVSIC method (0.7 s), followed by the VSIC method (0.6 s) and the FC
method (0.1 s). It can be seen that the control speed drops when using the IVSIC method.

Figures 18-20 show that when the d-axis inductance parameter was decreased from the
initial state inductance value to 4 mH and the g-axis inductance parameter was decreased
from the initial state inductance value to 7 mH, the magnitude of the current vector changed.
The largest stator current amplitude was obtained using the FC method (9.80 A), followed
by the VSIC method (9.73 A) and the IVSIC method (9.71 A). The stator current amplitude
obtained using the VSIC method was inaccurate, whereas that obtained using the IVSIC was
the same as the expected value, thus showing that the proposed control algorithm has high
accuracy. Additionally, when the parameter changes, the longest current transition time fs
was obtained using the IVSIC method (1.5 s), followed by the VSIC method (1.1 s) and the FC
method (0.1 s). It can be seen that the control speed drops when using the IVSIC method.

Figures 21-23 show that when the d-axis inductance parameter was increased from the
initial state inductance value to 7 mH and the g-axis inductance parameter was decreased
from the initial state inductance value to 9 mH, the magnitude of the current vector
changed. The largest stator current amplitude was obtained using the FC method (9.95 A),
followed by the VSIC method (9.80 A) and the IVSIC method (9.77 A). The stator current
amplitude obtained using the VSIC method was inaccurate, whereas that obtained using
the IVSIC method was the same as the expected value, thus showing that the proposed
control algorithm has high accuracy. In summary, the simulation results prove that the
IVSIC method has good trajectory tracking characteristics when the parameters change.
Additionally, when the parameter changes, the longest current transition time t; was
obtained using the IVSIC method (1.1 s), followed by the VSIC method (0.7 s) and the FC
method (0.1 s). It can be seen that the control speed drops when using the IVSIC method.

In order to make the obtained results more significant and easier to analyze, we have
organized the main data from Figures 15-23. in Table 3.
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Table 3. Arrangement of the main data in Figures 15-23.

Inductor Parameter Value

FC Method VSIC Method IVSIC Method

Ld (mH)

Lq (mH)

e iq I e iq I e iq I
@w @ oW 59w ow w 59 na A a B

7
4
7

15
7
9

—2.6 8.85 9.22 0.1 -3.3 8.60 9.21 0.6 -3.0 8.73 9.20 0.7
—2.8 9.39 9.80 0.1 —-0.7 9.70 9.73 1.1 —-15 9.58 9.71 1.5
-3.0 9.50 9.95 0.1 =17  9.64 9.80 0.7 -11 9.71 9.77 1.1

References

In Table 3, we can find that when the d-axis inductance value and the g-axis inductance
value increase or decrease at the same time, or one increases and the other decreases, the
stator current value required by the IVSIC method (9.20 A, 9.71 A, 9.77 A) is the smallest. It
can also be seen that although the IVSIC method increases efficiency compared to the VSIC
method, the increased efficiency is less than that between the VSIC method and the FC
method. Taking the third parameter change case as an example, the IVSIC method (9.77 A)
reduces the stator current by 0.03 A compared to the VSIC method (9.80 A), and the VSIC
method (9.80 A) reduces the stator current by 0.15 A compared to the FC method (9.95 A).
This can also be explained by the side that the influence of the g-axis inductance parameters
on the motor control efficiency is greater than that of the d-axis inductance parameters. At
the same time, it can also be found that the mathematical relationship between the d-axis
current value, the g-axis current value, and the stator current value satisfies Equation (3),
which verifies the validity of the data. Additionally, when the parameter changes, the
longest current transition time was obtained using the IVSIC method (0.7 s, 1.5 s, 1.1 s). It
can be seen that the control speed drops when using the IVSIC method.

6. Conclusions

Aiming at the problem that the MTPA trajectory deviates due to changes in the motor
parameters when the IPMSM is in MTPA control mode when using VSIC, in this paper,
we proposed the online identification of the inductance by using MRAS and realize MTPA
trajectory adjustment with changes in motor inductance parameters. The identifier model
designed using this method is easy to implement, has strong practicability, and has a good
parameter identification effect. The simulation results showed that the control strategy can
inherit the performance of VSIC control well and has good robustness to changes in shaft
inductance, thereby greatly improving the anti-interference ability of the system. However,
this control method is relatively complex, and the application cost is high, so it is suitable
for applications with relatively high-performance requirements.
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