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Abstract—The maximum torque per ampere (MTPA) control 

is usually used to achieve optimal control of energy efficiency of 

electric vehicles (EVs). However, the MTPA control strategy 

depends heavily on the motor model and parameters. The EVs 

are affected by temperature change, magnetic saturation and 

other factors during operation, which will lead to deterioration of 

MTPA control performance. Therefore, an adaptive MTPA 

control method based on improved extended Kalman observer 

(EKO) for permanent-magnet assisted synchronous reluctance 

motor (PMa-SynRM) drive system is proposed. By establishing 

the equivalent model of PMa-SynRM with iron loss, an improved 

extended Kalman filter algorithm based on d-axis current 

zeroing is proposed. This algorithm can estimate the iron loss 

and inductance parameters of the motor on the line, and the 

MTPA control parameters can be corrected in real time to 

optimize the stator current vector. The simulation results show 

that the proposed method has fast convergence speed, high 

parameter identification accuracy, and improves the MTPA 

control performance in case of parameter mismatch. 

Keywords- Maximum torque per ampere (MTPA), permanent 

magnet assisted synchronous reluctance motor (PMa-SynRM), 

extended Kalman observer (EKO), parameter identification  

I.  INTRODUCTION  

PMa-SynRM has gradually become a cost reduction and 
efficiency enhancement solution in the field of electric vehicles 
due to its high saliency ratio and low rare earth materials 
content [1]. During the working of PMa-SynRM, the stator 
resistance, d-q axis inductance, and flux amplitude will change 
due to factors such as temperature rise and magnetic saturation, 
which will affect the MTPA control effect [2,3]. Therefore, 
studying online identification of inductance parameters and 
adaptive adjustment of MTPA controller parameters is an 

effective means to improve the performance of PMa-SynRM 
drive systems. 

The series of Kalman Filter (KF) algorithms are widely 
used in solving practical engineering problems [4-7]. Extended 
Kalman Filter (EKF) algorithm is used for real-time 
identification of interior permanent magnet synchronous motor 
(IPMSM) inductance in [8], and a Dual Kalman Filter 
algorithm is proposed for real-time identification of IPMSM 
inductance in [9], but neither of them consider the impact of 
iron loss on inductance identification. To accurately identify 
the iron loss equivalent resistance of a motor, a Dual Extended 
Kalman Filter algorithm is proposed in [10], which can 
simultaneously obtain the state and convergence estimation of 
the iron loss equivalent resistance. However, the design of the 
algorithm does not consider changes in other parameters. The 
method of using fundamental pulse width modulation 
excitation and current derivative measurement to expand the 
rank of the motor nonlinear system matrix can achieve 
simultaneous identification of motor iron loss and inductance 
[11], but this identification algorithm has severe parameter 
coupling and is relatively complex. 

To simplify the identification of iron loss and inductance 
parameters in PMa-SynRM, an improved Extended Kalman 
observer (EKO) based on d-axis current zeroing is proposed. 
Improving EKO by adding iron loss correction factors to the 
state transition matrix of the motor, using the d-axis current 
zeroing method to identify the equivalent resistance value of 
the motor iron loss in real time, calculating and updating the 
iron loss correction factors, achieving high-precision and fast 
dynamic response inductance parameter identification, and 
optimizing the MTPA controller parameters. 



II. MATHEMATICAL MODEL OF PMA-SYNRM WITH IRON LOSS  

The structure of PMa-SynRM is shown in Figure 1, with a 
larger saliency ratio compared to IPMSM, and the q-axis 
inductance value is more susceptible to current changes and 
magnetic circuit saturation. 

d-axis
q-axis

 

Fig. 1.  Structure of PMa-SynRM 

Motor iron loss is the phenomenon of iron core heating 
caused by the continuous flipping and friction of internal 
magnetic domains of ferromagnetic materials under the action 
of alternating magnetic fields. The power of an equivalent iron 
loss resistance can be used to simulate the heat loss power of 
the iron core [12]. The d-q axis equivalent circuits of PMa-
SynRM are shown in Figure 2. 
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Fig. 2.  Equivalent circuits of PMa-SynRM 

The electromagnetic relationship of PMa-SynRM can be 
described as: 
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where ud and uq are the stator voltage components of d and q-
axis, id and iq are the stator current components of d and q-axis, 
imd and imq are the torque current components of d and q-axis, 
ifd and ifq are the iron loss current components of d and q-axis, 
Ld and Lq are the inductance components of d and q-axis, Rs is 
the stator resistance, Rf is the equivalent iron loss resistance, ωe 
is the electrical angular velocity, and Ψf is the amplitude of the 
permanent magnet flux. 

The rotor motion equation of the motor is: 
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The torque equation is: 
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where Te is the electromagnetic torque, TL is the load torque, np 
is the number of motor poles, ωm is the mechanical angular 
velocity, J is the moment of inertia, and B is the rotor viscosity 
coefficient. 

Under MTPA control, the current relationship of the d-q 
axis is: 
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III. IRON LOSS PARAMETER IDENTIFICATION OF PMA-SYNRM 

According to the PMa-SynRM electromagnetic torque 
equation (6), when the motor rotates in the forward direction, 
the q-axis current must be greater than zero, while the d-axis 
current can be equal to zero within a certain torque and speed 
range. 

The principle of the d-axis current zeroing method is shown 
in Figure 3. At moment A, the iron loss parameter 
identification is activated, MTPA control is interrupted, the d-
axis current value is set to zero, the q-axis current value is 
adjusted by the speed loop PID controller, and at moment B, 
the motor returns to MTPA control to complete the iron loss 
parameter identification. The difference between id and imd is 
the d-axis iron loss current component. The value of id is 
known, but the value of imd is unknown, so calculating the 
value of imd is a necessary condition for calculating the 
equivalent resistance of iron loss. 
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Fig. 3.  Schematic diagram of d-axis current zero setting method 

The relationship between motor torque and electrical 
angular velocity is: 
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When controlling the motor with id=0, it is necessary to 
ensure that the intersection point of the voltage limit circle and 
the current limit circle on the q-axis is not lower than the 
intersection point of the torque curve on the q-axis. 

When the d-axis current is set to zero and the constraint 
relationship in equation (8) is met, the d-axis inductance of the 
motor is the nominal value. At this point, the d-axis iron loss 
current value is equal to the negative d-axis torque current 
value, the equivalent resistance of iron loss can be calculated: 
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The stator resistance value and permanent magnet flux 
value in equation (9) are mainly affected by temperature and 
can be obtained by other means; The differential term of torque 
current cannot be directly measured, and the stator current 
differential term can be used instead of the torque current 
differential term: 
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Due to the fact that the amplitude of Lq value is much lower 
than other terms, its variation has minimal impact on the 
calculation of imd. Therefore, the nominal value of Lq can be 
used to calculate the equivalent resistance of iron loss. 

IV. IMPROVED EKO INDUCTANCE PARAMETER IDENTIFICATION 

EKO is a parameter observer with EKF as the core 
algorithm. To address the identification error caused by 
neglecting iron loss in traditional EKO, the iron loss correction 
factors are added to the motor state transition matrix in EKO, 
which is called Improved EKO. 

The nonlinear equation of the system is: 
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Selecting system state variables: 

T

d qx i i a b =             (12) 

where
d

1
a

L
= ,

q

1
b

L
= , d e

d

f

u

R


 = ,

q e

q

f

u

R


 = , s d e

d

f

R i

R


 = ,

s q e

q

f

R i

R


 = , λd, λq, δd and δq are iron loss correction factors. 

The output variables are: 

T

d qy i i =     (13) 

Discretize equation (11) by the forward difference method 
to obtain the state transition matrix A and output matrix H as 
follows: 
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V. SIMULATION EXPERIMENTS 

To verify the feasibility and accuracy of the proposed 
inductance and iron loss identification method, a PMa-SynRM 
control model is constructed as shown in Figure 4. Among 
them, the improved EKO error covariance matrix P=diag ([0.1 
0.1 10 10]), the output observation noise covariance matrix 
Q=diag ([1 1 10000 10000]), and the input observation noise 
covariance matrix R=diag ([1 1]). 

SVPWM

+

VSI

Main

controller

Encoder

Sensor
Improved 

EKO

id=0

control

MTPA

control

PMa-SynRM

f

sR

dL
qL fR

su
si

e

*

e

 

Fig. 4.  PMa-SynRM control structure block diagram 

The initial simulation parameters are shown in Table I. 

 

 

 



TABLE I.  SIMULATION PARAMETERS OF PMA-SYNRM 

parameter value 

Rated power (PN / kW) 8 

Stator resistance (Rs / Ω) 0.2 

Iron loss resistance (Rf / Ω) 40 

d-axis inductance (Ld / mH) 0.5 

q-axis inductance (Lq / mH) 1.63 

Permanent magnetic linkage (ψm / Wb) 0.197 

pole pair (np) 3 

moment of inertia (J /kg·m2) 0.017 

Viscosity coefficient (B / Nm s/rad) 0.008 

switching frequency (fS / Hz) 10000 

Rated voltage (UN / V) 300 

A. Improved EKO identification effect under variable 

working conditions 

To simulate changes in the working conditions of PMa-
SynRM drive system, the simulation parameters of the motor 
drive system are designed as follows: 

The initial reference speed is 1000 r/min, and the load 
torque is 40 N·m. The load torque changes to 30 N·m at 2 
seconds. At 3 seconds, reference speed suddenly changes to 
1500 r/min. At 4 seconds, due to temperature changes and 
magnetic circuit saturation, the d-axis inductance changes from 
the nominal value of 0.5 mH to 0.51 mH, and the q-axis 
inductance changes from the nominal value of 1.63 mH to 1.32 
mH. At 6 seconds, the magnetic flux amplitude decreases by 
20% from 0.197 Wb to 0.1576 Wb due to temperature changes. 
At 8 seconds, the d-axis inductance further changes to 0.52 mH, 
with a total change rate of 4%, and the q-axis inductance 
changes to 1.01 mH, with a total change rate of 38%. The 
simulation runs until 10 seconds. 

The identification results of equivalent resistance of iron 
loss and the amplitude of rotor flux are shown in Figure 5. The 
identification value of rotor magnetic flux is mainly affected by 
sudden changes in motor working conditions, and the 
identification value of iron loss equivalent resistance is mainly 
affected by sudden changes in speed and magnetic flux. When 
the magnetic flux amplitude changes from 0.197 Wb to 0.1576 
Wb, the iron loss resistance identification curve converges to 
stability after 118ms, and the accurate iron loss equivalent 
resistance value of 40 Ω is identified. 
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Fig. 5.  Amplitude of Rf and Ψf 

The comparison of inductance identification effects 
between improved EKO and traditional EKO is shown in 
Figure 6. The inductance parameters identified by improved 
EKO are more accurate compared to traditional EKO, and the 
identification value of inductance has a fast dynamic response 
speed; The changes in speed and rotor flux cause jitter in the 
inductance identification waveform. After a sudden change in 
speed, the identification results of the d-axis inductance 
converged to stability after 163ms, and the identification 
results of the q-axis inductance converged to stability after 
157ms. After a sudden change in the rotor flux amplitude, the 
d-axis inductance identification results converged to stability 
after 114ms, and the q-axis inductance identification results 
converged to stability after 127ms. The inductance value 
identified by improved EKO accurately follows the actual 
value. 
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Fig. 6.  Effect of inductance identification 

The comparison of inductance identification errors between 
improved EKO and traditional EKO is shown in Figure 7. The 
maximum d-axis inductance error identified by traditional 
EKO is 9.6%, and the maximum q-axis inductance error 
identified is 6.01%. The identification error of d-axis 
inductance and q-axis inductance in the improved EKO 
algorithm is almost zero, and the identification accuracy is 
significantly improved. 
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Fig. 7.  Inductance identification error curve 



B. The control effect of Improved EKO combined with 

MTPA 

To verify the compatibility of the proposed improved EKO 
and MTPA control method, the simulation results are shown in 
Figure 8. 

After the motor starts, the iron loss identification algorithm 
is activated at 0.4 seconds, MTPA control is restored at 0.6 
seconds, iron loss identification algorithm is activated again at 
1.4 seconds, MTPA control is restored at 1.6 seconds, and 
simulation operation ends at 2 seconds. 

By utilizing the characteristics of rapid convergence in 
identification of d-axis inductance and iron loss equivalent 
resistance, the controller briefly sets the d-axis current to zero 
according to demand, quickly identifies and records the d-axis 
inductance and iron loss equivalent resistance, and adopts 
MTPA control method for the rest of the time. 
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Fig. 8.  Effect of parameter identification algorithm 

As shown in the figure, after the iron loss identification 
algorithm is turned on, the identification value of the 
equivalent resistance of the iron loss converges to stability after 
84ms, and the identification value of the d-axis inductance 
converges to stability after 43ms. The identification of the q-
axis inductance is almost unaffected by the switching of 
control modes; After the iron loss identification algorithm is 
turned off, the d-axis inductance identification value converges 
to stability again after 52ms, and the controller maintains the 
last recorded iron loss equivalent resistance data, which is 
41.29 Ω for the first time and 39.58 Ω for the second time. 

C. Adaptive MTPA control optimization effect 

To verify the improvement of the adaptive MTPA control 
effect based on improved EKO, the motor speed was set at 
1000 r/min, and the load torque varied from 40 N · m to 10 
N · m. The stator current angle and vector amplitude were 
observed. Figure 9 compares the current angle between 
adaptive MTPA control and traditional MTPA control under 
changing operating conditions. 
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Fig. 9.  Comparison of stator current angle 

The stator current angle controlled by adaptive MTPA 
accurately tracks the theoretical current angle curve, while the 
stator current angle controlled by traditional MTPA deviates 
from the theoretical current angle curve, and the larger the load 
torque, the greater the angle deviation. 

The data in Table II compares the amplitude of stator 
current vector of adaptive MTPA control and traditional 
MTPA control. 

TABLE II.  COMPARISON OF STATOR CURRENT VECTOR AMPLITUDES 

Load 

torque 

The amplitude of is 
Optimization 

rate Adaptive 

MTPA 

Traditional 

MTPA 

10 N·m 13.00A 14.51A 10.4% 

15 N·m 18.50A 19.99A 7.45% 

20 N·m 23.96A 25.34A 5.45% 

25 N·m 29.34A 30.84A 4.86% 

30 N·m 34.69A 36.46A 4.85% 

35 N·m 39.99A 41.55A 3.75% 

40 N·m 45.27A 46.87A 3.41% 

From the table, it can be seen that under different load 
torque conditions, the amplitude of stator current vector of 
adaptive MTPA is smaller than that of traditional MTPA, and 
the smaller the load torque, the better the optimization effect. 

VI. CONCLUSION 

This article combines PMa-SynRM working conditions to 
propose an adaptive MTPA method based on d-axis current 
zeroing to identify the equivalent resistance of iron loss, and 
using improved EKO to update inductance parameters online. 
This improves the accuracy of motor inductance parameter 
identification and solves the problem of inductance 
identification error caused by iron loss in traditional EKO, 
furthermore, the problem of deteriorating control performance 
of the motor MTPA controller due to mismatched inductance 
parameters in the presence of iron loss was solved. The 
simulation results show that the proposed method has the 
characteristics of high parameter identification accuracy, fast 
dynamic response, simple algorithm design, good compatibility, 
and strong robustness. 
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