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Sliding-Mode Control of a
Permanent-Magnet Synchronous Motor
with Uncertainty Estimation
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Abstract—In this paper, the application of sliding-mode control to Il. CONTROL
a permanent-magnet synchronous motor (PMSM) is presented. The
control design is based on a generic mathematical model of the mofdr, Plant Model
Some dynamics of the motor and of the power amplification stageThe mathematical model describing the electrical part of a
remain unmodelled. This model uncertainty is estimated in realtmf SM is ai b
The estimation is based on the differentiation of measured sign IQA IS given Dy

using the ideas of robust exact differentiator (RED). The control dig R 1

law is implemented on an industrial servo drive. Simulations and — = ——ig + Welq + —Uqg, (1a)
experimental results are presented and compared to the same control dt L L

strategy without uncertainty estimation. It turns out that the proposed

concept is superior to the same control strategy without uncertainty diq R ) 1 1

estimation especially in the case of non-smooth reference signals. ot = —flq — Weld — Z)\we + ZUW (1b)

Keywords—sliding-mode control, Permanent-magnet synchrono

motor, uncertainty estimation, robust exact differentiator. U\ﬁ/here the motor parametef I and A are the winding resis-

tance, the winding inductance and the flux linkage respelgtiv
[9]. The electrical angular velocity, is computed with the
|. INTRODUCTION help of the measured mechanical velocity, and the number
ERMANENT-magnet synchronous motors (PMSMs), of pole pairs via
nowadays are commonly used in industrial applications in
the field of motion control. Major reasons for their poputiari We = Zp Wm.- (2)
are high power density and high efficiency. PMSMs belong, o o\ rrents
to the class of AC motors for which a number of advancegq, applyin
control techniques have been developed in the recent yegrs

4 andi, represent the measured phase currents
g the required transformations [2]. The vgits
andu, are the control signals, which have to be retrans-

[11-[5] i i _formed into the phase coordinate frame. As usual it is asdume
In this paper, the field oriented control (FOC) method [6] if}, 5 iq is steered to zero with the help of an existing PI-

an industrial servo drive is considered. It is based on the SDntroller. Therefore it suffices to stick to differentiguation

called (d, ¢)-coordinate frame which is fixed with respect Q1) \yhich describes the dynamic behaviour of the torque-
the rotor position. The popularity of PMSMs in combinatio enerating current,. This model has been used as basis for

with FOC is documented by numerous publications, e.9. [}o controller design in many applications, e.g. [7], [40]

[8]. Usually the FOC gpproach i§ imple_mented in cascadgflyertheless it does not take into account effects like the
feedback loops. The inner loop is dedicated to control they,jinear hehaviour of the inductanéeand the flux linkage
motor current_s_. According to the application outer 100ps f0, ' ftects introduced by the power amplification stage are
speegl or position colntrol are added. . . heglected as well. In order to account for the above mentione
This work deals with the current control loop design Wh'CBhenomena an additional term, representing the model

is based on a commonly used PMSM model. In contrast (e rtainty is introduced. This yields the extended plandeh
popular approaches the proposed control law accounts for

unmodelled uncertainties mainly introduced by the power dig _ —Eiq — iy — l/\% n luq LA, 3)
amplification stage. dt L L L

The paper is organized as follows: In Section Il a dynamighere A is assumed to be bounded.
model of the PMSM and the proposed control strategy are
presented. Section II-C describes the differentiationeseh ]
used for uncertainty estimation. Numerical simulation§ind B- Controller Design
initial controller parameters are presented in SectionTHe The smooth reference signafor thei, component is either
experimental setup and the results are explained anddtest a given desired torque or a signal generated from the outer
in Section IV. Section V concludes this paper. cascade layer. The goal of the controller is to drive therebnt

error
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to zero asymptotically. In order to guarantee vanishingd
state error, the state variabtg is introduced as the integra
the control errorr, so that the design model takes the 1

dx

Tlto =2 (5¢
dxq R 1 1 dr
I i — = Awe + —uy— T LA
dt 7@t —weia = pAwe + pug = g+ b

A standard sliding-mode control law, based on the |
sliding surface

o:=x1+vxg With >0, (6,
and satisfying the) reaching condition [11]
d .
sign(o) d—j <-n with n>0 ©)
is given by
. dr
ug = R(z1 +7) + Lweiqg + Awe + La
7L7$1 - LAest - UL Slgn(o-)7 (8)

r[A]

0 0.1 0.2 .03 0.4 0.5 0.6
time [s]

Fig. 1. Result of simulation with initial parameters for expeent.

IIl. SIMULATION

Initial controller parameters are found by numerical simu-
lation. In simulation the nominal model (1a), (1b) reprasen
the plant. Hence the control law is implemented without
uncertainty estimation 1I-C. The PI-controller, whicheste the
currentiy to zero uses prescribed controller parameters, see
section IV-A. The model is extended by a differential equati
describing the rotor's motion including viscous friction.

A. Controller Tuning

whereA.; is the estimated uncertainty, see below. In order to

reduce chattering a boundary layer aroung 0 is introduced
by replacing thesign-function by a saturation function, i.e.

sign(c) — sat(o/P), 9

where the positive constafit is the boundary layer thickness

[12], [13].

C. Uncertainty Estimation

For the motor under consideration it is known that a voltage
uq &~ 30V is required to adjust the nominal value|@f|,,q.. =
0.5A. This a priori knowledge is used to determine the initial
weight n of the discontinuous control component, i.e.

30 30
L~ ~N =
n 30V —n 17 20103

It should be noted that this estimate is very crude and just is

=1500.  (15)

The uncertainty estimation is based on the rearranged equaed to find initial settings. The parameteand the boundary

tion (3), i.e.
R . 1 1 di
Aest = T lq + Wetq + Z)\we — FUq + dif cst7

T I (10)

where %| s the estimated value

4 The differentiation
. est . . . .
of i, with respect to time is realized on ideas of robust exact

layer thicknessb are initially chosen sufficiently small, i.e.
y<<1l and ¢ << 1.

Based on simulations results both parameters were inctease
iteratively in order to improve the tracking performance.

differentiation as proposed in [14] and successfully demon
strated in numerous applications, e.g. [15]-{17]. Of ceurg pifferentiator tuning

alternative differentiation schemes , e.g. algebraic oaghas

outlined in [18] and realized in [19] can be employed instead The overall concept requires the implementation of two
In the present case the Outp‘gtof an integrator has to track differentiators. Both were realized as REDs as outlined in

the measured currerit,. Therefore the time-derivative of,
can be regarded as the estimate %‘gr i.e.
dt |, dt

(11)

Tracking is ensured by the so-called super twisting algorit

as outlined in [20], [21]

d¢ .
ity sign(e), 12)
di .
LTL? = ¢ —0/|€| sign(e), (13)
est
where the error
€= i; — g (14)

vanishes in finite time. The parametetsand ¢ are strictly

section II-C. While the parameter tuning of the RED applied
to the noise free reference signalis straight forward, the
tuning of the differentiator for computingﬁ%q requires
remarkable effort. Measurements of the currgﬁ%ken from
experimentswithout uncertainty estimation are used to tune
the RED parameters and @ offline

C. Results

The final setting used for a first real world experiment is
summarized in Table |I. Exemplarily a simulation result is
illustrated in Figure 1. The sinusoid reference signahas
an amplituder,,,, = 0.154 and a frequency o6 Hz. The
absolute value of the control erro; does not exceed a bound
of 5-1073A. The dashed green curve in Figure 1 shows the

positive constants which have to be chosen according to [1ékpected motor-shaft speed.
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INITIAL CONTROL PARAMETERS GAINED BY SIMULATION
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TABLE Il
CONTROL PARAMETERS

CONTROLLER RED: r CONTROLLER RED: r RED: 74
Parameter  Value|| Parameter Value Parameter  Valuel| Parameter Value| Parameter Value
o 1000 [ 10 ¥ 200 [ 75 [ 5
P 0.15 K 5 P 0.15 K 2 K 0.5

n 1500 n 800

2000

Fig. 2.

A. Experimental Setup

sponding pulse width modulated phase voltages. The swijch
frequency of the power stage 20k H .

B. Results

=
- velocity{1000

-1-1000

0% 0.1 0.2 0.3 0.4 05 0.62000

—~0.05 L | | | |
O'O"O 0.1 0.2 0.3 0.4 0.5 0.6

time [s]

Fig. 3. Experiment with uncertainty estimation

iy are listed in Table Ill. The controller parameters with
uncertainty estimation yield good performance, the maximu
absolute value of the tracking errof remains below).05A4,
see Figure 3. Friction effects are noticeable especialyoiw
motor speeds. Experiments reveal that the uncertaintynasti
tion in non-nominal operating points improves the tracking
performance. Figure 4 shows the control sigmal and its

The control law is implemented on a digital signal process§gtimated uncertain componeht...;, compare equation (8).
(DSP) in an industrial servo drive which is depicted in F@urThe maximum absolute value of the voltage due to uncertainty
2. The control law is part of the operating system, i.e. cleangestimation is17V, which is approximatly20 percent of the

to the control law require a complete recompilation of thgontrol signalu,.

operating system. The motor parameters are summarized ihNe same experiment was carried authout uncertainty
Table II. The currents are sampled with a sampling perid$timation, see Figure 5. It can be seen that the tracking
of 6.25us using 14-bit analog to digital converters. Theerformance deteriorates, especially at high accelersmd
arithmetic mean value of the last eight samples is used f@f alternating directions of rotation. The proposed cointr

the control law, which is executed with a sampling period oftrategy with parameter estimation is also able to cope with
non-smooth reference signals. Results of an experimeit wit

(16) a rectangular reference signal are presented in Figure &. Th
amplitude ofr is 0.3 4, the frequency is chosen such that the
velocity of the motor is higher than the nominal revolution
speed o6000 rpm. It is worth to be mentioned that the control
law without uncertainty estimation is not able to track tloan
smooth reference signal with the controller setting listed
Table 111.

The final controller setting and the parameters for the REDs
used to differentiate the reference signaknd the current

Foto of the experimental setup [22].

IV. EXPERIMENT

T = 50pus.

The control signalsu, and u4 are transformed into corre-

TABLE Il Eﬁ
MOTOR PARAMETERS jm
Parameter|| Value | Unit
R 50 Q
L 0.02 H
A 1.7 Vs

Fig. 4. \oltagesuq and L A¢s¢
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Fig. 5. Experiment without uncertainty estimation
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V. CONCLUSION

. . - o 1
An integrating sliding-mode control law is |mplemente(§ 8

(4]

g

[17]

on an industrial servo drive. A generic mathematical model
is used to describe the dynamics of the motor, the pow@f!

amplification stage and some nonlinear effects
unmodelled. An additional term

estimated uncertainty by means of the RED is realized o

remain
reprensenting boundezb]

uncertainties is introduced. The control law using th g
a

DSP. Numerical simulations provide control parameters f@2]
practical experiments. Real world experiments are digtliss

in order to illustrate the effectiveness of the proposecdhizt
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