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Abstract. In this paper, a sliding mode control technology based on sensor-
less adaptive estimation is proposed for a permanent magnet synchronous motor.
Firstly, the motor position and speed is estimated by using an adaptive estimator
based on model reference instead of the traditional mechanical sensor, where the
stability of the estimating system is ensured by using Popov hyperstability. Then,
the sliding mode control is designed to track the rotor position accurately. Finally,
the simulation results are given to show the presented scheme, where, the estima-
tion error is less than 1.5% and the tracing error of the rotor speed 0.7% under the
sliding mode control scheme.
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1 Introduction

Permanent magnet synchronous motor (PMSM) is widely used in various complicated
working situations due to its high speed, wide speed range, good reliability and excellent
control characteristics, especially in high-power AC drive systems. Various sensorless
control methods of PMSM with high performance are proposed, inductance method [1],
carrier frequency component method [2], high frequency signal injection method [3,
4], which can be applied to low speed control. Most of these methods are considered
by analyzing the output response of the motor to suppress the external input signal.
The complicated signal processing and analytical algorithm make it difficult to apply
these methods to the motor control at a higher speed. Some methods based on the motor
back-EMF are suitable for medium speed and high speed control, which include direct
calculation method based on the mathematical equations of the motor [5], extended
Kalman filter method [6], adaptive observer method [7, 8], sliding mode observer method
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[9] and artificial intelligence algorithm [10]. However, for above methods, the estimation
accuracy is poor, or there exist complicated calculation problems which need to take up
many resources in actual applications.

In this paper, a sliding mode control technology based on sensorless adaptive esti-
mation is proposed for the permanent magnet synchronous motor. The motor position
and speed is estimated by using an adaptive estimator based on model reference. And
the sliding mode control is designed to ensure the tracking performance accurately.

2 Model of Permanent Magnet Synchronous Motor

The voltage equation of a three-phase permanent magnet synchronous motor can be
described as in (1) in the natural coordinate system.
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Here, U,, Up, U, is the three-phase winding voltage, R is the stator winding resistance;
i4, ip, ic 1s the three-phase winding line current;i, (0, i), ¥, (6, i), ¥.(0, i) is the three-
phase winding full flux linkage, 6 is the space between the rotating coordinate d axis
and the three-phase stationary coordinate A axis Electrical angle.

The flux linkage equation for a three-phase winding is:
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where

—Ly cos 26 M> cos2(0 + 30°) M, cos2(6 + 150°)
A=| Mjpcos2(6 +30°) —Lycos2(6 — 120°) M;cos2(6 — 90°)
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and L and L, are the average and second harmonic amplitude of the phase stator wind-
ing self-inductance. M1 and M, are the absolute values of the mutual inductance aver-
age of the two-phase stator winding and the amplitude of the second harmonic. The
electromagnetic torque of a permanent magnet synchronous motor can be expressed as:
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where p is the pole pair number of the permanent magnet synchronous motor, w, is the
motor angular frequency, and E,, Ep, and E, are the back electromotive forces generated
in the stator winding when the motor rotor rotates. J is the moment of inertia and 7y is
the load torque at the shaft end of the motor rotor.
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Permanent Magnet Synchronous Motor will be control in two phase d-, g- reference
coordinate system through coordinate transformation. In this coordination, the d-axis is
the direct-axis, which is related to the rotor flux linkage. The qg-axis is quadrature-axis,
which is 90° leading d-axis. The PMSM model is shown in Eq. (4).

Uy _ iy d ll/a
[“J J[l’ﬂ%ﬂd @

Va | [L+ A Lcos26, — A Lsin26, ([ ia Ly cosb,
Yg | L — A Lsin26, L— A Leos26 [Lig | " "7 | sind,
where uy, ug iy ig ¥o ¥ g are the stator phase voltage, phase current, and phase total flux

linkage, respectively. L = (Lq + Lg) /2 is the average inductance; VL = (Lg — Lg) /2
is the semi-difference inductance, and 6, is the rotor position.

We have

3 Adaptive Estimation of the Rotor Speed

The adaptive estimation structure of the rotor speed based on reference model is shown
in Fig. 1 for the sensorless permanent magnet synchronous motor. The rotor position is
obtained by the adaptive estimation method, and the reference model is selected without
the position reference. A reasonable parameter adaptive law is designed to adjust the
parameters of the adjustable model and accurately track and estimate the rotation speed.
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Fig. 1. Block diagram of sensorless control based on speed estimation

Combining the motor mathematical model established by Eqgs. (1)—(4), the current
equation of the motor in the synchronous rotating coordinate system can be obtained as
follows.

4, — _ Ry Lyj 4 1

aild = Ldld+a)Ldlq+Ldud (5)
di — R pla;, ¥, 1y
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Then, we have the adjustable model equation of the system as follows,
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where i) =iy + 1,0l =lg Uy = Ud + L—dl/f, Uy = ug.

Define generalized errors of the currents e = i* — i*, we have
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It can be rewritten as
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According to Popov hypgrstal;{ility [24], to make the system stable, the system (8)
shall meet the requirement

/

t
n(0,7) = /0 VIWdt > —y3 (=0, 9 >=0)
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where W =(a) - w)J i satisfies the condition of the positive real.
In order to the above condition, we assume that the parameter adaptive regulation
law has the following proportional integral form:

t
cb:/ Fi(v,t,T)dt + F2(v, 1) + ®(0) ©)]
0
where »(0) is the angular velocity of the motor at the initial moment, and we have.

T p3* T %
Fi(v,t,t) =kie Ji , (v, 1) = kpe' Ji (10)

It can be proved, the above design satisfies the condition of Popov integral inequality.
Therefore, the adaptive estimation parameter is convergence. Substitute Eq. (10) into
Eq. (9) and the adaptive regulation law of the motor speed can be got

o= [ kieTJi*dr + ke Ti* + H(0)

, (11)
= [y kiDdT + k,D + &(0)
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where
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The estimation position of the rotor can be obtained
" t
0, = / odt (12)
0

4 Sliding Mode Control of Permanent Magnet Synchronous Motor

Then, the sliding mode control scheme is considered to track the rotor position accurately
along an exponentially approaching rule. The sliding mode control diagram based on
speed estimation is shown in Fig. 2.

In this paper, an exponentially approaching rule § = —e& sgn(s) — gs, &, > 0 is
used to design the controller, where we consider i; = 0. In the synchronous rotating
coordinate system, the current equation of the motor is

di;, 1 ,
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do _ 1 (30, (13)
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Fig. 2. Block diagram of sliding mode control based on speed estimation
Define the state varies of the motor as
X] = Wpef — @
e (14)
X)) =X = —w
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where w,s and w are the reference speed and real speed of the motor. So, the state
equation can be described as

. . 1 3pyr .
{xl =—om=7\TL — Tf’q>

. . prs
Xy = —Wy = ——zjflq

15)

. 3
Assume that u = iy, H = Z—?f, we have

[iﬂ B [gé}[§;]+|:—(;i]u (16)

We design a sliding variable as s = cx| + xp, where c is the design parameter and larger
than 0. Then, its derivation is

S=cX|+X)=cxp+x2 =cxy — Hu (17
Ignoring the disturbance estimation error, the equivalent control can be obtained by
1
U= ﬁ[cxz + & sgn(s) + gs] (18)

That is, the projection current of the rotating coordinate system is

1 t
iy =— / [cx + € sgn(s) + gs]dT (19)
H Jo

From the above projection current, we can see that an integral term is included in the
design. So that, it can eliminate effectively the chattering phenomenon of the sliding
mode control system and reduce the steady-state error of the system. Also, the system
is gradually stable under the condition s§ = —es sgn(s) — gs> < 0.

S Simulation Results
In this section, MATLAB Simulink is used to verify the proposed adaptive estimation and

sliding mode control scheme. The motor parameters used in the simulation experiment
are shown in Table 1.

Table 1. Parameters of PMSM for experiment

Parameters Value Parameters Value

Rated frequency f;; 50 Hz The rotor ux linkage ¥y 0.213 wb

Rated power Py, 1 Kw Stator resistance R 2.878 Q

Rated speed N, 1000 r/min The moment of inertia J 1.94 x 1073 kg - m?2
Axis inductance Ly, Lq | 0.85 mH Pole pairs p 4
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The results of the adaptive estimation are shown in Fig. 3 and Fig. 4, where Fig. 3
shows speed estimation of sensorless motor during load fluctuation and Fig. 4 shows
position error of sensorless motor. In order to verify the adaptive performance under the
load disturbance, the electromagnetic torque of the motor is transformed from 0 Nm to
2Nmat 0.2 s and from 2 Nmto 1 Nm at 0.4 s. From the results, we can see that the speed
and position can be estimated accurately under the load fluctuation. Also, it shows that
the estimation error of the motor position is less than 1.5%.
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Fig. 3. Real speed and estimation speed.
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Fig. 4. Position error under adaptive estimation

Figure 5 shows the speed response of sliding mode control during load fluctuation
and Fig. 6 shows the speed response of sliding mode control under variable reference
input. From Fig. 5, it shows that the robust stability of the system can be ensured when
the load torque of the motor is suddenly changed (increase by 0.5 Nm). In Fig. 6, the
motor is operated at the rising and falling speed. These results show that the steady-state
error of the system is less than 0.9% by using the presented sliding mode control method.
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Fig. 5. Speed response with load fluctuation under adaptive estimation
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Fig. 6. Speed response with variable reference input under adaptive estimation

6 Conclusion

In this paper, a sliding mode control technology based on sensorless adaptive estimation
is proposed for a permanent magnet synchronous motor. Firstly, the motor position and
speed is estimated by using an adaptive estimator based on model reference instead of
the traditional mechanical sensor, where the stability of the estimating system is ensured
by using Popov hyperstability. Then, the sliding mode control is designed to track the
rotor position accurately. Finally, the simulation results are given to show the presented
scheme, where, the estimation error is less than 1.5% and the tracing error of the rotor
speed 0.7% under the sliding mode control scheme.
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