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ABSTRACT This paper proposes a direct torque control (DTC) of permanent magnet synchronous
motor (PMSM) with high torque estimation accuracy. Based on the PMSM mathematical model considering
iron loss resistance, this paper analyzes that when using stator current to estimate torque, the accuracy
will be affected by iron loss resistance. Using stator magnetizing current can solve the current deviation
caused by iron loss resistance and improve torque estimation accuracy. Since the stator magnetizing current
cannot be obtained directly, a novel iron loss resistance observer based on the model reference adaptive
system (MRAS) is designed to estimate iron loss resistance and stator magnetizing current simultaneously.
Popov’s hyperstability theory guarantees the stability of the designed observer. Finally, a 1kW PMSM
experimental platform is constructed to verify the proposed method. Both the simulation and experimental
results show that the designed observer is stable, and using stator magnetizing current to estimate torque has
better accuracy than stator current.

INDEX TERMS Permanent magnet synchronous motor, direct torque control, model reference adaptive

system, iron loss resistance, stator magnetizing current.

I. INTRODUCTION
Permanent magnet synchronous motor(PMSM) has many
advantages, such as simple structure, reliable operation, low
loss, high efficiency, flexible size, which is widely used
in electric vehicle drive systems [1], [2]. Electric vehicles
usually work in torque control mode, and the controller’s
command is the torque reference value. The torque control
accuracy is crucial to the safe driving of vehicles because the
power distribution has a significant dependence on the torque
accuracy [3]. Installing a high-accuracy torque sensor will
lead to higher costs and lower vehicle reliability. Therefore,
it is necessary to study a high-performance control strategy
to improve torque control accuracy.

The high-performance motor control strategies, includ-
ing direct torque control (DTC) and field-oriented control
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(FOC), have been widely applied to PMSM drive sys-
tems [4]. Compared with FOC, DTC has no current reg-
ulator, insensitivity to motor parameters, and fast dynamic
response in torque control [6], which has been widely used
in various applications since its successful implementation
on the PMSM in the late 1990s [7]. The control variables
in DTC are stator flux linkage and electromagnetic torque,
and the estimation accuracy of the feedback loop directly
determines the control performance. Generally speaking,
the stator flux linkage is estimated by integrating its back
electromotive force (BEMF), and the electromagnetic torque
is estimated by cross-product of stator flux linkage and stator
current [7]-[9].

The method of integrating BEMF to estimate stator flux
linkage is susceptible to parameter mismatch, cumulative
error of integrator, inverter dead-time effects. Many scholars
have carried out a lot of research to improve the estimation
accuracy of stator flux linkage. Theoretically, the only motor
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parameter that affects the estimation of stator flux linkage
is stator resistance R;. A novel stator resistance estimator
based on the model reference adaptive system (MRAS) is
studied [10]. As for the cumulative error caused by the
integral calculation, the improved low-pass filter with error
compensation [11] and several closed-loop stator flux linkage
observers were proposed to improve the estimation accu-
racy [12], [13]. In addition, since the BEMF is not easy to
measure directly, the commanded voltage vector is used to
estimate the stator flux linkage. The error between the actual
voltage vector and the commanded voltage vector caused by
the dead time effect reduces the estimation accuracy. Several
approaches have solved this problem through current polarity
detection or designing disturbance observers [14]-[16].

The above research has effectively improved the estima-
tion accuracy of stator flux linkage. Based on the simpli-
fied PMSM mathematical model, the estimation of torque
depends on stator flux linkage and stator current. However,
the simplified model only considers copper loss and ignores
iron loss. To further improve the control performance, a more
accurate mathematical model should be used. Many scholars
have carried out a lot of research on the mathematical model
of PMSM considering iron loss. [17] established a speed sen-
sorless system based on the mathematical model considering
iron loss, which improved speed estimation accuracy and
load range at low speed. [18] improved the minimization loss
control based on the iron loss model, which comprehensively
reduces electrical loss of the IPMSM. The above research
based on the PMSM mathematical model considering iron
loss has achieved better performance [17], [18]. According
to the iron loss model, the stator current includes two parts:
stator magnetizing current and stator iron loss current. [17]-
[21] described that the stator magnetizing current should be
used to calculate the torque. However, the stator magnetizing
current cannot be effectively obtained in the application;
only the stator current can be calculated through coordinate
transformation. Therefore, it is meaningful to study how to
estimate stator magnetizing current and improve the torque
estimation accuracy.

This paper aims to improve the torque estimation accuracy
in DTC by using stator magnetizing current instead of stator
current. Firstly, based on the mathematical model considering
iron loss resistance, it is analyzed that using stator magnetiz-
ing current to estimate torque can avoid the estimation error
caused by iron loss resistance. However, the stator magnetiz-
ing current cannot be measured or calculated directly; only
the stator current can be measured by the sensor and calcu-
lated through coordinate transformation. Therefore, a novel
iron loss resistance observer based on the MRAS is designed
to estimate iron loss resistance and stator magnetizing current
simultaneously. The adaptation law is derived from the Popov
hyperstability theory. Finally, the simulation and experimen-
tal results show that the designed observer performs well
in estimating the iron loss resistance and stator magnetizing
current, and the torque estimation accuracy can be improved
by using the estimated magnetizing current.
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Il. MATHEMATICAL MODEL OF PMSM CONSIDERING
IRON LOSS RESISTANCE

In the rotating coordinate system, the mathematical model
of PMSM considering iron loss resistance [20] is shown
in Fig. 1.

FIGURE 1. Equivalent circuit of PMSM considering iron loss.
(a) Equivalent circuit of d-axis. (b) Equivalent circuit of q-axis.

Based on Fig. 1, the voltage equations of the PMSM con-
sidering iron loss are expressed as:

le% = — (Ry + Ry) ia + Ryima + a

Lm% = — (Ry + Ry) ig + Ryimg + ug n
L ™ = Ry i~ i) + el i

Lmq% = Ry (ig — img) — WeLdima — weVis

In equation(1), uy and u, are d-axis and g-axis voltages;
iq and i, are d-axis and g-axis stator current; ing and ing
are d-axis and g-axis stator magnetizing current; iy and if,
are d-axis and g-axis stator iron loss current; R; and Ry are
stator resistance and iron loss resistance; Ly and L, are d-axis
and g-axis inductances; L, and L, are d-axis and g-axis
magnetizing inductance; Lj; and Ly, are d-axis and g-axis
leakage inductance; w, is the rotor electric angular speed; ¥y
is the rotor flux linkage.

The stator flux linkage and torque equations of the PMSM
considering iron loss are given as follows [21]:

Ya = Ldiam + ¥y
I/Iq = Lmqiqm

T, = %Pn (lﬁs ® ism) @)

3 . .
= zpn (I/Idlmq - wamd)

where 7, is the electromagnetic torque; P, is the pole-pair
numbers; ¥ is the stator flux linkage vector; igp is the stator
magnetizing current vector; ¥4 and ¥, are d-axis and g-axis
stator flux linkage; and ® represents cross product.
According to equation(2), it is necessary to obtain V4, ¥,
and iyg, img to estimate T,. With the help of the voltage-type
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flux linkage observer, 4, ¥, can be calculated through the
coordinate transformation. However, the stator magnetizing
current iy and iy, cannot be measured or calculated directly.
Traditionally, the T, is often estimated by the stator current iy
and iy, as shown in equation(3):

3
T, = EPn (’/’s by ls)

3 : .
= EPn (Wdlq - qud) 3

When the T, is estimated by stator current, the estimation
error of T, can be expressed as:

AT,

3
EPn (wd (iq - imq) - wq (ia — imd))

3
=5Pn (Vaify — Vqira) “

As shown in equation(4), when using stator current iy and
iq to estimate torque, the current deviation caused by iron loss
leads to an estimation error. In order to improve the estimation
accuracy, it is necessary to obtain the stator magnetizing
current iyg and ig.

Equation(1) shows the parameter relationship under the
PMSM model considering iron loss. The third equation of
Equation(1) shows that stator magnetizing current ;g and iy;,g
can be expressed by iron loss resistance Ry and stator current
iq and ig. In other words, if the Ry can be estimated, then
ima and i,,, can be estimated through equation(5). When the
estimated iron loss resistance IAQ/- converges to the actual Ry,
the estimated stator magnetizing current ipg_es and ipg_egr 1S
also equal to the actual i,y and iypg.

dipd_es 5o(i i
Lina md—t_m = Rf (ld - lmd_”f) + Wequmq_est
di A . i (
mq m;; = Ry (ig — imq_est) — WeLaina — wevy

where the sign “A” represents the estimated value; ijug e
and i;g_esr 1s estimated stator magnetizing current.

Therefore, if the iron loss resistance Ry can be estimated,
the estimation of T, can be expressed as:

T, = %Pn (I/Idimq_est - 1pqima’_est) (6)
lll. MRAS-BASED IRON LOSS RESISTANCE OBSERVER
In the above analysis, the stator magnetizing current i,,; and
imq can be estimated through iron loss resistance Ry. Model
reference adaptive system (MRAS) has been widely used
in parameter identification [22], [23]. Generally speaking,
MRAS is constructed on two models: the reference model
and the adaptive model. With the help of nonlinear stability
theorems, such as Lyapunov’s or Popov’s stability methods,
an adaptation law must be designed reasonably to ensure the
overall stability of the observer [10]. Based on the mathemat-
ical model of the PMSM considering the iron loss resistance,
anovel MRAS-based iron loss resistance observer is designed
to estimate iron loss resistance and stator magnetizing current
simultaneously.
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A. DESIGN OF THE OBSERVER
Based on Fig. 1, the reference model is constructed as fol-
lows:

— R R . R . —_
_—s: / 0 L—f 0
Ild Id
id 0 _ Rs + Ry 0 R_f
ig | _ Ly, Ly,
Pl [T & B Lo
imq Lya Lina Ling
0 Ry Liw, Ry
B Lyg Lyng Lyg
! 0
ld Lig 0
x| ] 0 =M+ o
Imd Ly Uy —we
img 0 o0 2
0 0 mq
)
The output matrix is designed C = [(1) (1) 8 8], and the
output of the reference model is:
lq
ig] (1 0 0 O iq
R T A
Img

The state-space representation of the reference model is
rewritten as:

x =Ax +Bu +d
{” )

y=0Cx

For the purpose of estimating the iron loss resistance Ry,
the rotor electrical angular velocity w, can be obtained by
the encoder, and other parameters can be measured offline
in advance. Take the Ry as a parameter to be estimated; the
adaptive model mode is constructed as follows:

Rty koo,
A Lig R Lig R
ig 0 _ Rs + Ry R_f
A,l:q . . Ly, . Ly,
Imd R_f _ Rf qug
imq Ly Lyg Lina
0 Ry Liwe Ry
L Lmq Lmq Lmq .
1
’l‘d [Z 0 0
i ug 0
17 qd o Lig [ Uqg ] " 5
gl |00 e
0 0 mq

(10)
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The output matrix C is the same as above, the output of the
adaptive model is:

ia
i 1 0 0 0]| i
= . 11
|: iq :| |:O 1 0 0] fmd (1)
imq

The state-space representation of the adaptive model is
rewritten as:
¥ =A% +Bu+d
{?x Ax + Bu + (12)
y=Cx
The error between the reference model and the adaptive
model can be expressed as:

pe = Ax — A%
=A(x—x%)+ (A —fl)fc
= Ae— (R —Ry) J (13)
where the error matrlx of the state variables e =
[id = 4 ig — by imd — md img — img] ; and
- 1 _
T 0 o 0
ld ld
1 1
0 - 0 i
_ ld ld
J=1 1 1
— 0 - 0
Lmd 1 Lmd 1
0 — 0 e
L Ling Ling

B. DESIGN OF ADAPTATION LAW

The stability of the designed observer must be guaranteed
to ensure that the error between Ry and IAQf will converge to
zero. By designing a compensation matrix D, the error state
equation can be equivalent to a nonlinear feedback system.

pe =Ae —w
v = De (14)

w= (R —R)J

Where v represents the output of the linear block, and w
represents the output of the nonlinear time-varying block.

The equivalent nonlinear feedback system is shown
in Fig. 2.

Popov’s stability criterion is used to verify the stability
of the adaptation mechanism. According to Popov’s stability
criterion, the equivalent nonlinear feedback system shown
in Fig. 2 is stable only if the following two conditions are
satisfied.

(1) The forward path transfer function G =
D (sI — A)~! is positive definite.

(2) The nonlinear feedback satisfies the following Popov’s
integral inequality:

n
/ wlvdt > —y¢ (15)
0
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FIGURE 2. The equivalent non-linear feedback system.

Where #; > 0 and yy is an arbitrary positive constant.
The compensation matrix designed in this paper is D =

diag ( Lt L, LL a1, i d) the output v is defined as:
- _
40 0 0 )
Lina Ll id — id
4
y— 0 I 0 0 g — lq (16)
0 0 1 0 Imd — lmd
0 0 o Lwa|bimas ing
L Lmd .

For condition 1, the necessary and sufficient condition is
that there are symmetric and positive definite matrices P and

0, which satisfy the following conditions:
PA+A"P = —
o ¢ (17)
I'P=D

Where I is the identity matrix, I = diag (1, 1, 1, 1).
Substituting the matrix D into the equation(17), the matrix

P = LL—V’VZ, LL’%, , i ) and matrix
R; + Ry 0 R0
0= i 0 Rs + Ry 0 —Ry
0 —Ry 0 Ry
The leading principal minors of matrix Q are obtained:
2(Rs + Ry)
Or= ——F—=
Lma' 2
4 (Ry + Ry)
0= ——5—-
Lmd 18
8R.R; (R + Ry) (18)
3 = 2
Lmd
16RR?
Q4= —;
Lmd

Where Q; represents the determinant of the leading princi-
pal minor of order i.

It is obvious that diagonal matrix P is positive definite.
The leading principal minors of symmetric matrix Q are
all positive. It can be proved that the forward path transfer
function G5y = D (sI — A)_1 is positive definite.
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Magnetizing Currents Estimation
Equation (5)

R,

Uind_est l Uing_est

Uq Reference Model | id Iy

Iron Loss

u Equation (7) PI
q : Hu
Y Resistance |Z ) coneroller
A4 Adaption Law Equation (23)
Adaptive Model | X 14 | Equation (22) quati

——| Equation (10) ;-Md ;'mq Iéf

FIGURE 3. Block diagram of the iron loss resistance observer.

For condition 2, substituting matrix v and w into equa-
tion(15), the inequality becomes:

11 R
/ (Rf - Rf) (%) " De > -1 (19)
0
From the inequality:
gl daf (1) 1/, ’ 1,
nZ Y _ (2 - 0)2—- 0 (20
/of()dt 2<f(l)f() 2f() (20)
If we define:
R =Ry +f (1)
£ @) = [ (J2) " Ded:
With the aid of inequality(20) and equation(21), we can see
that condition 2 is satisfied. ‘
In steady-state, it is assumed that ddif ~ 0, because the

change of the Ry in the time scale of the observer can be

neglected. Differentiate f (¢) and substitute matrix J, , D and

dry . d as:
e, G 18 expresseda as:

= (=)~ (=) (-0
+ (g =) = (ina = img)) (ing =)~ @2

. . R .
Combined with the PI controller and let dd—/ = W, the esti-
mated iron loss resistance Ry is:

2

Ry = Ky + K; / udt (23)

where K, and K; are the integral and proportional gains of PI
controller, respectively.

In the operation of the observer, the stator magnetizing
current ipg and iy, are replaced by iug_esr and ipg esr. The
block diagram is shown in Fig. 3.

IV. SIMULATION VALIDATION
The proposed method is verified in MATLAB/Simulink with
a torque-angle-based DTC strategy [24]. The control block
diagram of the DTC with the designed observer is shown
in Fig. 4.

The main parameters of the PMSM used in simulation are
listed in Table 1.

The simulation step is 2us, the control cycle is 100us, and
the bus voltage is 220V. The speed command »* is 3000 rpm
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FIGURE 4. Control block diagram of the DTC with the designed observer.

TABLE 1. Main parameters of the PMSM.

Symbol Parameters Value and unit
Py Pole-pair numbers 4
Lona Direct-axes magnetizing inductance 0.009 H
Lmg Quadrature-axes magnetizing inductance 0.009 H
Lig Direct-axes leakage inductance 0.0015H
Liq Quadrature-axes leakage inductance 0.0015H
R Stator resistance 0.87 Q2
Ry Iron loss resistance 200 ©2
Yy Rotor flux linkage 0.086 Wb
J Rotor inertia 0.000159 kg - m?
Wp Rated power 1 kW
Ny, Rated speed 3000 rpm
Tn Rated torque 3.2 N.m
g 32 Actual T. T AverageTvalue =3
=3 T
= |
=
=}
<
< 2.
0.5 0.501 0.502 0.503 0.504
E 3.5 - — T T
z Traditonal estimated T, ‘ Average‘value =3.066
= 33 T T )
B 3110 | |||.|||‘| A HH (b)
-l 11 VLA SRR AU
.E 2.9 I | |
ﬁ 0.5 0.501 0.502 0.503 0.504
Time (s)

FIGURE 5. Torque estimation result by using stator current (speed =
3000 rpm, load = 3 N.m). (a) Actual value of the torque. (b) Estimated
value of the torque.

in the test condition, and the stator flux linkage command
is 0.1 Whb.

When loading 3N.m, the estimated torque by using the sta-
tor current is 3.066 N.m. Compared to the actual 3 N.m load,
the error of estimated accuracy is 2.2%. For convenience, this
method is called the traditional method in this paper.

In the simulation, the Ry is set to 200 2. Fig. 6 shows
the experimental result of the estimated iron loss resistance
IAQf under the proposed observer. The observer starts when
it is unloaded, and after the observer converges, the loading
experiment is carried out. The simulation result shows that the
estimated Rf- can converge to 197 © within 0.2 s. About 0.3 s,
the estimation error is within 1%. The result shows that the
designed observer has a good response speed and estimation
accuracy.
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FIGURE 6. Estimation result of the iron loss resistance. (speed =
3000 rpm, load = 0 N.m).
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FIGURE 7. Simulation results of the d-axis current. (a) Actual stator
current iy. (b) Actual stator magnetizing current i,,,;. (c) Estimated stator
magnetizing current i,y o5 -

g :z Actual‘i.I
E:r | | | @
i HALE b

El 5.9
<
< 56 : : :

0.5 0.501 0.502 0.503 0.504
< 6.1 T -
NI Actual ipg
.—g
=
=
2

5.5 L = -

0.5 0.501 0.502 0.503 0.504
< 6.1 - ‘
S; Estimated ing e
= 59+ q
2 . 0 o o | ©
= 57
£
= 55 . . :
= 0.5 0.501 0.502 0.503 0.504

Time (s)

FIGURE 8. Simulation results of the g-axis current. (a) Actual stator
current i;. (b) Actual stator magnetizing current i, . (c) Estimated stator
magnetizing current iy e

When the observer converges, the load is set to 3 N.m.
Fig. 7 and Fig. 8 show the simulation results of d-axis and
g-axis current. The results show that the estimated stator
magnetizing Current iy, _esr, img_esr can match the actual stator
magnetizing current ipg, img well.

Fig. 9 shows the torque estimation result when the esti-
mated stator magnetizing current iyg_esr and ipg_es is used.
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FIGURE 9. Torque estimation result by using magnetizing current (speed
= 3000 rpm, load = 3 N.m). (a) Actual value of the torque. (b) Estimated
value of the torque.
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FIGURE 10. Simulation result of torque estimation accuracy under
different load.

When the load is 3 N.m, the estimated torque is 3.004 N.m.
Compared to the actual 3 N.m load, the error of estimated
accuracy is only 0.13%. The error is reduced from 2.2% to
0.13%.

Fig. 10 shows the simulation result of torque estimation
accuracy under different load. It can be seen that when using
stator current to estimate the torque, the estimation error
is within 6%. When using the estimated stator magnetizing
current, the error is reduced to 1%. Based on these simulation
results, it can be concluded that using magnetizing current to
estimate torque can improve the estimation accuracy.

V. EXPERIMENTAL VERIFICATION

The experiment is carried out on the 1kW PMSM platform
based on TMS320F28335. The switching frequency of the
inverter is 10 kHz, and the cycle of the designed observer is
10/s. Except that the Ry of the test motor is unknown, other
parameters are the same as Table 1. By the way, the dead
time is set to 4 ws in the experiment. In order to avoid the
influence of the dead time effect on the experiment, the dead
time compensation method proposed in [24] is adopted.

In the experiment, the stator flux command v} is set
to 0.1 Wb, and the torque estimation accuracy comparison
experiment is carried out using the stator current and the
estimated stator magnetizing current.

The estimation result of iron loss resistance varies with
speed and load. Fig. 12 shows the estimated iron loss resis-
tance IAQf under the test condition. When the observer con-
verges, the estimated value is 152.3 Q.

Fig. 13 and Fig. 14 show the magnetizing current ipg es
and iy .5 estimated by the observer and the actual stator
current iy and i, of the motor.
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Torque sensor J;

FIGURE 11. Platform of PMSM control system.

o 154 Estimated’ Ry i Average value = 153.2
EIS3SF b
= W
]
A K,=0.001 |
2 1525 : : L Ki=300

0 0.05 0.1 0.15 0.2

Time (s)

FIGURE 12. Estimation result of the iron loss resistance (speed =
3000 rpm, load = 3 N.m).
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FIGURE 13. Experimental results of the d-axis current. (a) Actual stator
current iy. (b) Estimated stator magnetizing current i,y o
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FIGURE 14. Experimental results of the g-axis current. (a) Actual stator
current i . (b) Estimated stator magnetizing current iyg_cst-

Fig. 15 shows the torque estimation results using the stator
current and the estimated stator magnetizing current. When
the load is 3N.m, the estimated torque are 3.075 N.m and
3.013 N.m respectively. Compared to the actual 3 N.m load,
the error of estimated accuracy is only 0.13%. The estimation
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FIGURE 15. Experimental result of torque estimation. (speed = 3000 rpm,
load = 3 N.m). (a) Torque estimation result by using stator current.
(b) Torque estimation result by using estimated stator magnetizing

current.
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FIGURE 16. Experimental result of torque estimation accuracy under
different load.

error of electromagnetic torque is reduced from 2.5% to
0.13%.

Fig. 16 shows the experimental result of torque estimation
accuracy under different load. It can be seen that the torque
estimation error of the two methods all less than 4%, but the
method proposed in this paper has better accuracy.

VI. CONCLUSION

In this paper, a direct torque control of permanent magnet
synchronous motor with high torque estimation accuracy is
proposed. Firstly, based on the PMSM mathematical model
considering the iron loss resistance, the torque estimation
error caused by the iron loss resistance is analyzed. Then,
a novel iron loss resistance observer based on MRAS is
designed to estimate iron loss resistance and stator magne-
tizing current simultaneously. Popov’s hyperstability theory
guarantees the stability of the designed observer. Finally,
both simulation and experiment prove the availability of the
proposed method.
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