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Abstract

For sensorless control, the rotor position estimation performance is affected by the load change. In order to solve this prob-
lem, this paper proposes a position error compensation method based on the voltage output of the current-loop PI-regulator
for interior permanent magnet synchronous motors. First, a traditional rotor position observer based on the rotor reference
frame has been presented and it reveals that the estimated error position taken as an input of phase-locked loop is not the
actual position error. Second, the relationship between the voltage output of the current-loop PI-regulator and the position
error has been found out and the position error extraction model is proposed. In order to compensate the position error in
the rotor reference frame, a novel position error compensation model is proposed based on the voltage and current inputs
of the two-phase stationary reference frame. Finally, the proposed position error compensation method has been verified
by experiments position and the estimation accuracy is improved. The results show that the position error fluctuates around

zero after the compensation and the fluctuation amplitude is 1°.

Keywords Interior permanent magnet synchronous motor (IPMSM) - Sensorless control - Rotor position error

compensation - Current loop

1 Introduction

The interior permanent magnet synchronous motors
(IPMSMs) are widely employed for the electric vehicle
traction due to the high torque density and high efficiency
[1-3]. The rotor position information is essential for the
field-oriented control (FOC), but the encoder or the rotary
transformer are unreliable, and increase the size and cost
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[4, 5]. In order to overcome these challenges, much atten-
tion and effort are focused on the sensorless rotor position
estimation methods.

The sensorless control methods for IPMSM can be gener-
ally classified into two classes [6]. The first class is the high
frequency injection-based method for the position estimation
in the standstill and low-speed condition [7, 8]. The second
class is the back electromotive force(EMF)-based method
for high-speed position detection, which mainly includes the
state observer, the sliding mode observer (SMO) method [9,
10], the model reference adaptive system observer (MRAS)
[11] and Extended Kalman Filter(EKF) algorithm [12].

However, some above-mentioned methods have some
shortcomings, such the chattering problem, the complex
control parameter choice, and large amounts of computing.
Therefore, the Luenberger state observer attracted a lot of
attention because of the advantages of the good stability,
the easy digital implementation and the low computational
demand [13, 14]. However, the position estimation perfor-
mance is affected by the load change [15—17]. In order to
solve this problem, several methods have been proposed to
compensate the position estimation error. Lascu has pro-
posed a new fifth-order PLL position and speed observer
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and established the relationship between the current errors
and the position and speed errors [18]. Zhang et al. has pro-
posed a global time-delay compensation method based on
g-axis current error, and the lag angle can be eliminated by
means of the adjustment of the current error [19]. To solve
the problem of calculation delay resulted from the digital
computation, a current precompensation method based on
dual-sampling scheme in one switching period is proposed
[20].

From aforementioned analysis, the existing position
error compensation strategies are mainly based on modified
current errors and good error compensation performance
is obtained. In sensorless control system, currents can be
divided as: the command current, the feedback current from
IPMSMs, and the current estimated from position observers.
The feedback currents will be adjusted to follow the com-
mand currents to realize the closed-loop FOC control by the
current-loop PI controllers, and the current estimated from
position observers will be modulated to trace the command
current or feedback current through the PI controllers when
the observer comes to the equilibrium state [21]. Thus, it is
difficult to find out the relationship between the errors of
above three currents and rotor position errors.

In addition, the position error is proportional to the g-axis
inductance error when the stator resistance error is small
[22]. Since the true value of g-axis inductance is hardly to
get since it changes with the g-axis current, this method is
not adopted to extract the position error.

Very little literature has focused on the relationship
between voltage errors and rotor position errors, since the
voltage is not easy to be measured or obtained.

Furthermore, the position error cannot be fully compen-
sated when the errors are directly added to the estimated
position.

Based on the above difficulties, a position error compen-
sation method based on the voltage output of PI controllers
in the current loop is proposed in this paper for IPMSM
sensorless drives, and it consists of two parts: the position
error extraction model, and the position error compensation
model. The original contributions of this paper lie in:

1. The relationship between the voltage output from PI
controllers in the current loop and the position error has
been found out and the position error extraction model
is proposed. The voltage output of the current-loop PI-
regulator is proposed to estimate the position error for
the first time.

2. A novel position error compensation model of the rotor
reference frame is proposed based on the voltage and
current inputs in the two-phase stationary reference
frame, not in the rotor reference frame. The core ideal
of the proposed error compensation model is the rotation
of the coordinate system based on the two-phase station-
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ary reference frame. The proposed error compensation
model can fully compensate the error when the error
extraction is correct.

This paper is organized as follows: Section II describes
the traditional rotor position observer based on the rotor
rotation frame. A position error compensation method based
on the voltage output of the PI controllers in the current
loop is proposed for IPMSM sensorless drives in Section III.
Section IV gives the experimental results of the proposed
method. Section V summarizes this paper.

2 Traditional Rotor Position Observers

2.1 IPMSM Model Based on the Estimated Rotor
Reference Frame

In order to design a rotor position observer for IPMSMs, two
reference frames are adopted, as shown in Fig. 1) the actual
rotor reference frame based on the actual rotor position and
the actual rotor speed, and 2) an estimated rotor reference
frame based on the estimated rotor position and the esti-
mated rotor speed. The rotor position and speed errors are
defined as A0 = 0, — 6,, Aw = w, — @,, respectively.

The IPMSM model based on the actual rotor reference
frame can be expressed as:

.dq
di
dg _ -d. s . .d e
ulf =RiM"+ L, o +jw L+ JE,! (1)
where 1 = u? + juf, i = i + ji{, are the voltage and cur-

rent vectors, respectively. L, and L, are the d- and g-axis
inductances, respectively, and R, is the stator resistance.

Actual rotor reference

Estimated rotor

2] reference frame
e

> O

Stationary reference frame

Fig.1 Actual and estimated reference frames for [IPMSMs
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EY = oy, — (Ly—L,)(dil /dt + @,i) is the extended
electromotive force(EEMF), and y; is rotor PM flux.

Considering the rotor position error, the voltage and cur-
rent vectors based on the estimated rotor reference frame
are obtained as:
uf" = ufi’e_jAe
. @)
i = {%17IA0

From Egs. (1) and (2), the IPMSM model based on the
estimated rotor reference frame can be deduced as:

ult = R % 4 1, d[’h —jLg dﬁf i 4 jio, L., i%% + E, e
3
where ug? = u“ ol f” = z +]z§,Ld,L are the voltage
and current Vectors, the d- and g-axis inductances based on
the estimated rotor reference frame, respectively.
Considering the rotor position error is constant under the
steady-state operation and the inductance difference is small
for those two rotor reference frames, the following equations

can be obtained:

dq _

dAg 4
L,=—= ” =0 “)
L,(A0) =L
7 _ &)
,(A0) =

Then, the IPMSM model based on the estimated rotor
reference frame can be simplified as:

. did
u' = Ri% + de— +jo,L, ldq +]Edq (6)
A0 _ —sin (A8)
where E¥ = E, ¢/ ‘”‘[cos(Aé)) .

2.2 Establishment of the Rotor Position Observer

The rotor position observer consists of the current observer
and the phase-locked loop (PLL).

A simplified IPMSM model based on Eq. (6) is adopted
to design a rotor position observer in the estimated rotor
reference frame. The current observer as shown in Fig. 2
can be described by:

Adq

~ n d A A
u¥ = R4 + L, — 7 S0+ jEY Q)

where zd" = z + ]z are the current vector of the current

observer model and Eex represents the EEMF in the cur-
rent observer.

A 4

IPMSM model

l”fé
v 2di
i 4 + i

+ 1 s
SR L -

AR— L;s

l’:[?é Estimation of EEMF

A\ 4
e

LA g
L L ]a)elx

EY

A4
|
—_

Fig.2 The diagram of the current observer

Since the EEMF cannot be obtained or measured, the
current errors are used to estimate the EEMF. Equation (7)
can be rewritten as:

~dg

dls Ja Af

L, el ul? — Rsls — jo,L,1%

e qs

— (K, +K,fs) (- 9)

where K, and K; are the gain coefficients, and 1/s is the inte-
gral operator.

From Eqgs. (7) and (8), the relationship between EEMF
and the current errors can be expressed as

(e (K,,+z<,-/s>[;§3 |

cos ( 7
)

A

From Eq. (9), the d-axis EEMF can be taken an input
of PLL, since sin (Aé) = A is satisfied under the small
rotor position error.

The rotor position observer consists of the current
observer and the phase-locked loop (PLL), as shown in
Fig. 3. When the system reaches the equilibrium state
under the action of PI controllers, the current error is close
to zero and the estimated rotor error position fluctuates
around zero.

It should be noted that the estimated rotor position error
is the position difference between the reference model and
the observer model, and these two models are based on
the estimated rotor position frame. The estimated rotor
position error cannot reflect the actual rotor position error
between the actual rotor frame and the estimated rotor
frame. Therefore, how to obtain the actual rotor position
error remains a problem.

an EdqejAG [
ex eA

v e o
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Fig. 3 Rotor position observer based on the rotor reference frame

3 Proposed Rotor Position Error
Compensation Method

The proposed rotor position error compensation method
contains two main parts: (1) the rotor position error extrac-
tion model, which can obtain the rotor position differences
between the actual and estimated rotor frame, and (2) a
rotor position error compensation model, which can cor-
rect the position output from the observer.

3.1 Rotor Position Error Extraction Under
the Condition of Load Change

When IPMSM reaches the steady state in the actual rotor
reference frame, Eq. (1) can be rewritten as:
u! =R’ - w,L,i

e q’s

10
ul = Rl + a)eLdif + oy, (19)
When the load changes, some factors will result in the
advance or lag of the FOC operation, such as the algo-
rithm excitation time, the inverter nonlinearity and the
sample delay. Thus, PI controllers of the d- and g-axis
current loops serve as the voltage loss compensator when
the feedforward compensation is adopted shown in Fig. 4.
Equation (10) can be transformed as:
d _ dx % d
u, = RSl‘v a)equs + U rror

an

ul = Ri" + 0, Lyi"™ + oy + uf

error

d q :
where u$ ., u,.,, are the d- and g-axis voltage error as

shown in Fig. 5.
Based on the d’ — ¢’ reference frame, the stator voltage

can be expressed as:
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Feedforward compensation

Fig.4 The current loop of d-axis under the actual rotor frame
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Fig.5 Voltage error resulting from a the lag of FOC operation b the
advance of FOC operation
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d d ! : ' [1 _ ) A g
u’ = u? cos (AG') — ulsin (A9") Lfeed =Ry — @,L,i

d — 4 AG q AO (2 = Ril" + &,L,i% (20)
u? = ulsin (A0") + ul cos (A9") v_feed sl Lt

Considering the position error is small, d'-axis voltage can ~ where zd" 7%, are the d- and g-axis command currents.

be given as: From Eqs. (19) and (20), it can be obtained as:

d d N
Uy = ug — ul A’ 13) o= R(z —ld> a)L(q—lq*)+ud_

A error (21)

Combining Egs. (11) and (13), d- axis voltage error can be
obtained as:

Uy = —UJAO (14)

In Eq. (14), A#' is a fixed parameter and can be measured
by the simple calibration. The d-axis voltage error is propor-
tional to g-axis voltage.

In the estimated rotor reference frame, considering the posi-
tion error A@ between the actual rotor frame and the estimated
frame, in the estimated frame, the voltage and the current vec-
tor can be expressed as:

ut = 4120
. ) (15)
ifq = ifqu(AH)

Substituting Eq. (15) into Eq. (1), the voltage model in the
dg-axis can be deduced as:

dg _ p :dg 4 : dg | :pdg j(AG)
ud = R + jo, L, i +jEe (16)
When i;=0 control strategy is adopted, Eq. (10) can be
expressed as:
uf = Rslf - a)equg @,y sin (A0) 17
Uy = Ryi + & ,Lyi¢ + @,y cos (AD) an

It can be seen from Eq. (17) that the position error is related
to the back electromotive force constant term. Thus, the back
electromotive force constant term @,y; is adopted in the
extraction of the rotor position error in this paper.

Considering the voltage error, Eq. (17) can be rewritten as:

@,y sin (A0) + u?

error

= R,il — @,L, i1 ~
R (18)

+ @ Ldz + a)eu/f cos (Af) + umm
The current loop of the estimated rotor frame can be
designed as:

u

19)

_L? - ;jeed + P1<d)
ul
s

= Lfeed + Pl(q)
where PI ( ) PI(q) are the voltage error estimated by PI
controllers, and u? s foed’ f jeed AT€ the voltage feedforward
decoupling, which can be described by:

+ @,y sin (A0) + PI(d)

Under the action of PI controllers in the current loop, the
feedback currents are regulated around the command current

values: i* = 1d il* = i’ Equation (21) can be rewritten as:

+ @,y sin (A0) + PI(d) =0 (22)

ermr

Considering the rotor position error is small, the follow-
ing equation can be obtained:

sin (AQ) = A@ (23)

When i;=0 control strategy is adopted and the load
changes (g-axis current changes), the rotor position error
extraction model can be expressed as:

Au? A(d,wA8)  API(d
uermr + (welljf ) + ( )

Ail Al Ail

s s s

=0 (24)

where Ai! is the change of g-axis current and it can be
expressed as:

Al = (k) — i(k — 1) (25)

Since the FOC control adopts the estimated rotor posi-
tion, PI ( ) PI(g) keep constant. Equation (24) can be sim-
plified as:

AAG) _ Aug,, .
Af Aild,y; (26)

From Eq. (26), it can be seen that there is a good linear
relationship between the variation of position error and the
variation of g-axis current assuming that the flux and speed
remain constant.

3.2 Rotor Position Error Compensation

When the rotor position error exits, the observer model can
be expressed as:

u¥ = R3% + jo,L 1% + JE, >0 27)

In order to keep the rotor position error be zero, rotations
are made for the voltage and current vectors in the estimated
rotor position frame in the same time:
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Proposed rotor position error >y
< compensation model N
e

. ~ Sensorless Control
Rotor position observer ~
) g

{ PLL

Inverter

: TN
Vector Control PMSM
Fig. 7 Proposed rotor position error compensation model
A A (28)
9q = 744 ,/(=00)
s_com K
Substituting Eq. (28) into Eq. (27),
dg _ p g N g .
M.Lcom - RS lecom +J (DeLq chnm +J EEX (29)

It can be seen from Eq. (29) that the compensation for the
voltage and current vectors can eliminate the rotor position
error, since the EEMF vector is in the g-axis direction.

Based on Eq. (28), in order to compensate the position
error, a position error compensation model is proposed and
it consists of two coordinate transform modules and an angel
rotation module. The angle rotation module is adopted to
predict the next moment angle based on the current esti-
mated angle and the extracted error shown in Fig. 6, and its
mathematical expression can be given as:

0,(k) = 0,(k — 1)+ &,k — DT + A8 (30)

The proposed rotor position error compensation model is
proposed as shown in Fig. 7. The proposed model is based
on the voltage and current inputs in the two-phase stationary

@ Springer
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Load motor

=
‘Motor controller unit
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Fig.8 IPMSM testing platform

Table 1 IPMSM parameters

Parameters Values
Rated power/kW 35
Rated speed/rpm 3000
DC Link voltage/V 350
Stator resistance/Q 0.015
Number of pole pairs 4
d-axis inductance/mH  0.256
g-axis inductance/mH  0.700
Flux/Wb 0.073

reference frame, not in the rotor reference frame. The pro-
posed model is the improvement of the traditional observer
model shown in Fig. 3. The key contribution lies in apply-
ing the rotation of coordinate system to realize the error
compensation.

4 Experimental Verification

The proposed sensorless strategy has been verified at a
IPMSM platform, as shown in Fig. 8. The major parameters
of the tested motor are listed in Table 1. The tested motor
is not operated under the weak magnet situation, since the
study focus of this paper is the position error caused by the
g-axis current changes. Thus, id =0 control strategy is cho-
sen in this paper.

Figure 9 compares the voltage error from the PI control-
ler of the current loop based on the actual rotor reference
frame and the estimated rotor reference frame when the
load changes. The voltage error under the actual rotor frame
varies with the g-axis current, whereas it remains constant
under the estimated rotor frame. It can be seen from Fig. 9a
that the voltage increases by 1 V for every 10 A increase of
the g-axis current.

When the g-axis current changes, the rotor position error
will change accordingly, as shown in Fig. 10. For every
10 A increase of the g-axis current, the lag angle is nearly
1°. Combining that relationship shown in Fig. 9a, it can be
concluded that 1 V voltage compensation corresponds to
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Fig.9 Voltage errors estimated by PI controllers with the g-axis cur-
rents change based on a the actual rotor reference frame b the esti-
mated rotor reference frame

0.93°rotor position delay when the g-axis current changes
by 10 A, which satisfied the relationship obtained from
Eq. (24).

Figure 11 shows the compensation results of the rotor
position error at 2000 rpm when the load changes. Accord-
ing to Eq. (24), the calculated rotor position error should
be 1.87° (g-axis current from 20 to 40 A) and 3.98° (g-axis
current from 40 to 60 A). After rotor position error compen-
sation, the error can be compensated based on the proposed
compensation model. The errors fluctuate around 0, which
validates the effectiveness of the proposed rotor position
error compensation strategy.

Figure 12 shows the compensation results of the rotor
position error at 3000 rpm when the load changes. Accord-
ing to Eq. (24), the calculated rotor position error should
be 1.87° (g-axis current from 20 to 40 A) and 4.06° (g-axis

T8 c°r
5 6 S B e B
5 4 g s 4 45 £
H 3 2 L[ 3
& N before rotor posiion 5 o oof u beore rotor posiion | 3
5o ertor compensation s & & - ermor compersation »B o
2 & 2f
2 10 20
al
4 5 2
[
] -10 20
1+ o0 1 2 3 4 s 6 7 4 o0 1 2 38 4 s 6 7
Time (s) Time (s)

Fig. 12 Rotor position error compensation at 3000 rpm under the
condition of g-axis current a from 20 to 40 A b from 40 to 60 A

current from 40 to 60 A). The rotor position error can be also
compensated and finally the errors are close to 0.

Figure 13 illustrates the transient position error at
2000 rpm. It can be seen that as the g-axis current increases
and decreases, the error basically remains unchanged. The
conclusions also apply to the situation at 3000 rpm shown in
Fig. 14. In conclusion, the proposed rotor position compen-
sation method can also perform well in the transient state.
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Fig. 13 Transient rotor position error with the g-axis currents change
at 2000 rpm
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Fig. 14 Transient rotor position error with the g-axis currents change
at 3000 rpm

5 Conclusion

In this paper, a position error compensation method based
on the voltage output of PI controllers in the current loop
is proposed for IPMSM sensorless drives. The relationship
between the PI voltage output of the current loop and the
position error has been found out and the position error
extraction model is proposed under the condition of load
change. Furthermore, a novel position error compensation
model in the rotor reference frame is proposed based on
the voltage and current inputs in the two-phase stationary
reference frame, not in the rotor reference frame. The posi-
tion error can be compensated by means of the rotation
of the coordinate system. Finally, the effectiveness of the
proposed method is verified experimentally. The results
show that the position error fluctuates around zero after
the compensation and the fluctuation amplitude is 1°.

Acknowledgements This work was supported by National Key R&D
Program of China under Grant 2016 YFB0100804.

@ Springer

References

1. Zhang W, Xiao F, Liu J, Mai Z, Li C (2020) Maximum torque
per Ampere control for IPMSM traction system based on
current angle signal injection method. J Electr Eng Technol
15(4):1681-1691

2. Liang D, LiJ, Ronghai Qu, Kong W (2018) Adaptive secondorder
sliding-mode observer for PMSM sensorless control considering
VSI nonlinearity. IEEE Trans Power Electron 33(10):8994-9004

3. LulJ, Zhang X, Hu Y, Liu J, Gan C, Wang Z (2018) Independ-
ent phase current reconstruction strategy for IPMSM sensor-
less control without using null switching states. IEEE Trans Ind
Electron 65(6):4492-4502

4. LiuJ, Gong C, Han Z, Yu H (2018) IPMSM model predictive
control in flux-weakening operation using an improved algo-
rithm. IEEE Trans Ind Electron 65(12):9378-9387

5. SunJ, Cao G, Huang S, He J, Qian Q (2021) Bipolar-voltage-
injection-based position estimation method of planar switched
reluctance motors using improved flux linkage model. IEEE
Trans Magn 57(2):66

6. Yang S, Hsu Y (2017) Full speed region sensorless drive of per-
manent-magnet machine combining saliency-based and back-
emf-based drive. IEEE Trans Ind Electron 64(2):1092—-1101

7. XuP, Zhu Z (2016) Novel carrier signal injection method using
zero-sequence voltage for sensorless control of PMSM drives.
IEEE Trans Ind Electron 63(4):2053-2061

8. Ahmadreza A, Lee D, Ahn J, Nejad S (2018) Sensorless control
of IPMSM with a simplified high-frequency square wave injec-
tion method. J Electr Eng Technol 13(4):1515-1527

9. Wang Y, Yongxiang Xu, Zou J (2019) Sliding mode sensor-
less control of PMSM with inverter nonlinearity compensation.
IEEE Trans Power Electron 34(10):10206—10220

10. Ren N, Fan L, Zhang Z (2021) Sensorless PMSM control with
sliding mode observer based on sigmoid function. J Electr Eng
Technol 16(2):933-939

11. Zbede YB, Gadoue SM, Atkinson DJ (2016) Model predictive
MRAS estimator for sensorless induction motor drives. IEEE
Trans Ind Electron 63(6):3511-3521

12. Alonge F, Cangemi T, D’Ippolito F, Fagiolini A, Sferlazza A
(2015) Convergence analysis of extended Kalman filter for sen-
sorless control of induction motor. IEEE Trans Ind Electron
62(4):2341-2352

13. Zakaria B, Zineb K, Abdelhadi E, Abdelouahed T (2020) Fuzzy
improvement on Luenberger observer based induction motor
parameters estimation for high performances sensorless drive.
J Electr Eng Technol 15(5):2179-2197

14. Park M, Cha K, Jung J, Lim M (2020) Optimum design of
sensorless-oriented IPMSM considering torque characteristics.
IEEE Trans Magn 56(1):66

15. Xiao D, Nalakath S, Filho S, Fang G, Dong A, Sun Y, Wise-
man J, Emadi A (2021) Universal full-speed sensorless control
scheme for interior permanent magnet synchronous motors.
IEEE Trans Power Electron 36(4):4723-4737

16. Lee Y, Sul S (2018) Model-based sensorless control of an
IPMSM with enhanced robustness against load disturbances
based on position and speed estimator using a speed error. IEEE
Trans Ind Appl 54(2):1448-1459

17. Zhang H, Liu W, Chen Z, Jiao N (2021) An overall system delay
compensation method for IPMSM sensorless drives in rail tran-
sit applications. IEEE Trans Power Electron 36(2):1316-1329

18. Lascu C, Andreescu G (2020) PLL position and speed observer
with integrated current observer for sensorless PMSM drives.
IEEE Trans Ind Electron 67(7):5990-5999

19. Zhang H, Liu W, Chen Z, Mao S, Peng J, Jiao N (2019) A
time-delay compensation method for IPMSM hybrid sensorless



Journal of Electrical Engineering & Technology (2022) 17:1051-1059

1059

20.

21.

22.

drives in rail transit applications. IEEE Trans Ind Electron
66(9):6715-6725

Gong C, Hu Y, Gao J, Wang Y, Yan L (2020) An improved delay-
suppressed sliding-mode observer for sensorless vector-controlled
PMSM. IEEE Trans Ind Electron 67(7):5913-5923

Kim H, Harke M, Lorenz R (2003) Sensorless control of interior
permanent-magnet machine drives with zero-phase lag position
estimation. IEEE Trans Ind Appl 39(6):1726-1733

Du B, Wu S, Han S, Cui S (2016) Application of linear active
disturbance rejection controller for sensorless control of internal
permanent-magnet synchronous motor. IEEE Trans Ind Electron
63(5):3019-3027

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Yuan Zhu received the B.S. and
Ph.D. degrees in automotive
engineering from Tsinghua Uni-
versity, Beijing, China, in 1998
and 2003, respectively. Since
2005 he has been an associate
professor at Tongji University,
Shanghai, China, and Executive
Director of Tongji - Vector Auto-
motive Technology Joint Labora-
tory. His research interest
includes the electrical drive sys-
tem of new energy vehicles, per-
ception algorithm for autono-
mous vehicles and functional
safety.

Mingkang Xiao received the B.S.
degree in automotive engineer-
ing from Wuhan University of
Technology, Wuhan, China, in
2017. He iscurrently pursuing
the Ph.D. degree in automotive
engineering with School of
Automotive Studies, Tongji
University,Shanghai, China. His
research interest includes the
reliability of power electronics,
sensor-less control algorithm of
high-speed PMSM in new
energy vehicles.

Biyong Cao received the B.S.
degree in Mechanical Engineer-
ing from Hohai University,
Jiangsu, China, in 2018. He is
currently working for the M.S
degree of Automotive Engineer-
ing in Tongji University, Shang-
hai, China. His current research
interests include Automotive
Embedded System, AUTOSAR,
with main focus on the software
development for E-Motor drive
system.

KeLu received the B.S. degree in
automation from Tongji Univer-
sity, Shanghai, China, in 2006,
and the M.S. degree and Ph.D.
degrees in computer science and
automotive engineering from
Tongji University, Shanghai,
China, in 2009 and 2018, respec-
tively. He is currently an engineer
at School of Automotive Studies,
Tonji University, Shanghai,
China. His main research inter-
ests include motor control for
electric vehicles, perception
algorithm forautonomous vehi-
cles, and functional safety.

Zhihong Wu received the B.S.
degree and M.S. degrees in elec-
trical engineering from Zhejiang
University, Hangzhou, China, in
1982 and 1988, respectively, and
the Ph.D. degree from Technical
University Berlin, Berlin, Ger-
many, in 1999. He is currently a
Professor at School of Automo-
tive Studies, Tonji University,
deputy dean of the Sino-German
College for Postgraduate Stud-
ies, Tongji University, Infineon
Endowed Chair Professor for
Embedded Systems, Director of
Infineon - Tongji Automotive
Electronics Joint Laboratory and Director of Tongji - Vector Automo-
tive Technology Joint Laboratory. His research interest includes the
electrical drive system of new energy vehicles, perception algorithm
for autonomous vehicles and functional safety. Prof. Dr.-Ing WU is the
member of Board of Director of PCIM (Power Converter and Intelli-
gent Motion) Asia, the member of International Science Committee of
European Power Electronics (EPE), and Vice Chairman of the Shang-
hai Power Supply Association.

@ Springer



	A Position Error Compensation Method for Sensorless IPMSM Based on the Voltage Output of the Current-Loop PI-Regulator
	Abstract
	1 Introduction
	2 Traditional Rotor Position Observers
	2.1 IPMSM Model Based on the Estimated Rotor Reference Frame
	2.2 Establishment of the Rotor Position Observer

	3 Proposed Rotor Position Error Compensation Method
	3.1 Rotor Position Error Extraction Under the Condition of Load Change
	3.2 Rotor Position Error Compensation

	4 Experimental Verification
	5 Conclusion
	Acknowledgements 
	References




