Adaptive sliding-mode torque control of a PM

synchronous motor
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Abstract: An adaptive sliding-mode torque control system, which incorporates the merits of both
the sliding-mode control and the adaptive algorithm, is proposed. The sliding-mode controller is
constructed by two integral surface functions. The uncertainty is formulated as a random variable
around a constant mean, so that an adaptive mechanism is used to estimate the constant mean and
the bound of the random variable. Moreover, an application of the proposed torque control to the
position control of a motor is also presented. Some experiments verify the control theory and
demonstrate the usefulness of the proposed control scheme.

1 Introduction

Permanent magnetic synchronous motors {PMSM) are
receiving increased atlention for drive applications ranging
from high-performance servo drives to line-start applica-
tions such as fans and pumps. The main reasons are their
high power density, large torque to inertia ratio, high
efficiency, and the falling prices of high-energy magnets [1].

The main earlier methods for PMSM control are based
on current control techniques, €.g., vector control [2],
predictive control [3], and others [4-6]. The torque in
PMSMs is usually controlled by controlling the armature
current based on the fact that electromagnetic torque is
proportional to the armature current. For high perfor-
mance, the current control is normatlly executed in the rotor
dy-reference frame which rotates with the rotor. Therefore,
coordinate transformation is involved. The torque response
under this type of control is limited by the time constant of
motor winds [7].

Rotor field-oriented (RFO) control for PMSM [5, 6]
drives provides the decoupling control between the torque
and flux components, and can achieve good performance
characteristics similar to that of a DC motor, so RFO
control is a popular control method for PMSM. The
drawback of the RFO is that it uses a linear Pl controller to
handle the nonlinear system. Thanks to the high gain, the
RFO performs well in most cases. But in worse cases (e.g.,
at a moderately high speed), the performance of RFO could
be improved by using nonlinear control. According to the
frequency response theory of linear systems, the Pl
controller will have a lag phenomenon in the sinusoid
response for an appropriate frequency, even if the
controlled plant is a first-order linear system.

The current trend is then to develop a nonlinear
controller for a PMSM, especially using torque control
laws {7-9]. Direct torque control (DTC) is one method of
increasing interest in recent years. The basic principle of
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DTC is to directly select the stator voltage vector according
to the differences between the references of torque and
stator flux and their actual values {10} The advantages of
DTC are a quick torque response and lesser parameter
dependence. However, torgue ripples and high sample tme
are drawbacks. On the other hand, feedback linearisation
control can be successfully applied to the PMSM torque
control [!1, 12}. However, it requires the precise values of
the system parameters.

Over the past decade, variable structure control strategy
using a sliding-mode has been the focus of much research
into the control of the AC drive system [13-17]. The key
objective of this lechnique is 1o force the system trajectory
to a specific surfuce, known as the sliding surface, such that
the state variables of the system are totally determined by
the sliding surface. The main feature of the approach is its
insensitivity 1o disturbances and parameter variations.

This paper presents an adaptive sliding-mode torque
control for a PMSM. The stator voltage command is
directly generated from the torque and flux errors based on
two integral sliding surface functions. As in usual sliding-
mode control, the asymptotic stability of the proposed
control law can be shown by the Lyapunov method.
Moreover, an adaptive inference mechanism with adapta-
tion of the nominal uncertainty and the maximum offset
value 1s included, which follows from the concept of the
adaptive  sliding-mode control {16]. Furthermore, we
propose a cascade control system to apply the sliding-mode
torque control to the position control of a PMSM. The
overall control system consists of the inner loop of the
torque control and the outer loop of the position control.
The position control is designed using model reference
adaptive control (MRAC). Some experiments are provided
to verify the control systcm.

2 Model of a PMSM

The model of a surface-mounted PMSM in the synchro-
nous rotor-rotating reference frame (d, ¢) can be described
as [6, 18]:

(M

. Rs P4 o+ ey
Idy = — = lds Pllplge — ——
Ly Ly
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where R, is the stator resistance, L, is the stator inductance,
Kyis the armature (or stator) back EMF constant, 8 and J
are the friction coefficient and the moment of inertia of the
motor. p is the number of pole-pairs, @, is the rotor speed,
(it ) and (1, 11,,) are, respectively, stator currents and
voltages in the rotor-rotating frame (d, ¢), and T, and 7},
are the clectromagnetic torque and cxternal load torque.
Note that

.= #(iqs(pd\- - irlx(pqv) (4)

where 1= 3p/2, and (@, @, are the stator fluxes in the
form of

G4 = Ll + Ky (5)
(pqs = L-"i‘;'-\‘ (6)

3 Adaptive sliding-mode torque control

We want to propose a direct torque control scheme for a
PMSM, which tracks the electromagnetic torque 7. by
controlling the voltage inputs to the motor. It is known that
the squared norm of the stator fluxes is closely related to
electromagnetic torque. We then need to take into account
the active torgue (u7) as well as the square of the flux norm
(ug). Both are defined as follows:

uy = iﬁﬁ(f)zi\‘ - jfi?(pqs (7)

up = (@ + ¢y) /2 (8)

(7) and (8) require the signals of iy, iy, @4, and ¢, The
currents iy and i, can be mcasured, however, the ¢4 and

@, observer can be calculated from (5) and (6). Further-
more, let the errors be ey =wpy —uy and
€y = Uy — lp, Where ugyy and gy, arc the reference
values of the active torque and the square of the flux norm.
Applying the sliding-mode control theory to the present
problem, we first define the integral surface functions for the
active torque (s) and the square of the flux nonn (s2) as
follows:

t
§y =er +/{1/ €7'd[ — (:‘T(O_) (9)
]

!
§r=e4 + k> / e,;,dt — eqn,(()_) (10)
0

where k|, and k- arc positive gain. Once the system states
stay stationary on the surfaces, we then Thave
§1 =581 =§ = 5 = 0. According to (9) and (10), 5, =0
and § = 0 lead to

d
a;(”i’i-ef —ur) = =k {uper — tir) ()
d
E; (l(f‘,,-(,f — ll,p) = *k] (ll(‘p,mf — l[q{)) (12)

(11) and (12} ensure that the system states (w7 and u,) will
exponentially converge to the reference values if they are
kept on the sliding surfaces s = (. This condition can be
achieved by the shdmg—mode control scheme that asks the
voltage input o = i, (,\] to drive the state variables of
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the system Lo the sliding surface s = 0 and to keep them
there. For this purpose, we select the Lyapunov function
candidate as

1

v =5s"s (13)

The time derivative of ¥ needs the derivatives of's. It follows
from (1), (2), (9) and (10) that

.'S'l :ér Jrk]@r
R, .
—Kf lq‘ + pw, iy Jr‘-'Kf T Urey (14)

K,
+ ki (Upey — ur) — L—J’Hq\-

'S
§y =ég 4 kaey
=L Rgm; + KfRSids + l'l(j,ref (15)

+ kz(u@tf — ll¢) — P Mds — (,;)qxli'q,j

or
$=Db+Du (16)
where b = [bl,bg]T and
_ K
D= ( 0 -3 } a7
Py —Pgs
in which
R, . . Dy .
b =K, (L_’q.\' + puria + %K,‘) + ttgiey + k1 {Upey — ur)
% al
by =LRim; + KRyt + ligref + ko (ttgrey — 109)

.2 2
m; =i, + fgs

The above equations are derived under the ideal situation.
When we consider the uncertainties of the system
parameters (e.g, R,, L, K) in (1) and (2), then (I6) can
be directly modified as

§$={b+ 4b) + (D + 4D)u

18
=h+z+ Du (18)

where Ab and AD are the uncertainties induced by the
model uncertainties in (1) and {2), and

2= db+ ADu (19)

Furthermore, we can treat the uncertainty term z in (19) as
a nominal offset value z* with a smaller varying uncertdint)rf
ic, z=2"+8, where §, =[5.), 6. = [zy—2}, z2—23]".
Then (18) can be rewritten as

§$=b+z"4+68,+Du (20)

Under the assumption that z* and 8, are known a prior, it
can be shown that s and s, converge to zero as 1— 00, if the
following stiding-mode control law is applied:

y— —D_I (b+ ch 4 [plsign(m)} + Z*) (21)

pasign(s:)

where p = [p1, p2l” With g, > |8.1| and g2 [8-! for all 1,
(21) exists when the inverse D~ exists for all time.

However, z* and the upper bounds of &, are actually
unknown. To get around this difficulty, we can introduce
the adaptive sliding-mode control law, which is stated in the
following proposition.

Proposition 1. Consider the PMSM in (1) and (2). The
overall system will lsymptotmally converge (0 ir = Upy
and Uy = ugy. if the inverse D™ exists and the following
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adaptive sliding-mode controller is applied:

u:fD’i(bJrkcH— [’A"Sig“(s’)} +2) (22)

pasign(s)

= - (5] @

i=s {24)

Noie that p and Z are, respectively, the estimates of p and
z.

The details of proof can be found in the Appendix
Section 8.

4 Position control

4.1 Model reference adaptive control

In practical applications of a PMSM, a cascade control
structure 15 suggested: the inner loop is the above
described adaptive sliding-mode torque control, while
the outer loop can be a speed or position control. Here,
we consider only the position control, since the speed
control is a simple extension.

The real system to be considered is a single-link
mechanical system driven by a PMSM. The block diagram
in Fig. 1 iltustrates the overall system of the proposed
control method, in which the torque and flux estimator are
calculated by (7) and (8). Many control methods can be
used for the outer loop position controller. We select the
model reference adaptive control (MRAC) scheme, because
it is one of the most popular adaptive control strategies and
it can adapt itself to the unknown mechanical parameters.
The position controller generates the torque command to
the inner loop controller, which then asks the inverter to
provide the required three-phase voltages for the PMSM.

The mechanical system is a PMSM with a rod fixed on
the shaft axis of the motor and is shown in Fig. 2. The
mechanical model of the system is

I8, = — BB, — mglsin(6,, + 60) + krur

Fig. 2 Mechanical system of a moter with a rod fixed on the shaft

mass of the rod, /is the distance from the shaft center to the
center of mass of the rod, g is the gravitational acceleration,
ket is the torque constant, and 6, is the null angle from the
line of gravity. For the development of the MRAC, (25) is
rewritten as

ém = 7BJOm - (Lb sin Hm -+ Lc COs 9,,,) + KJHT (26)

where By = BlJ, L, = mglcosBy/J, L,= mglsinfy/J,
K; = k4/J. Note that J>0.
The reference model of the MRAC 1s given as

H:i = _k’[_):;r - kSH:J + k-‘r (27)
= —kll), — (0, — 1)
where 0, is the response of reference angular displacement
for an angular displacement command #, k,, and k; are so
selected that 8+ ks+k, = (s+p)) s+ p2) with py, p2>0.
We first need to know the model reference control
(MRC) law, which can make the overall system asympto-
tically track the reference model under the assumption that
the mechanical parameters are exactly known. The MRC of
the present system is

= — B8, — mgl cos 0y sin 0, (25) a1™T b,
— mgl sin 8y cos D, + krur up = o sinly | _ o Tw (28)
. . . - ¥ = L

where 0, 1s the angular displacement of the shaft, J is the < cos
inertia of the motor, B is the friction cocfficient, »1 is the o r— By
vdc

r pogtion |y © . | |

adaptive Uye g
1 conboller - sliding—mode [~ dg—abc |Uus inverter
v ‘
A torque/flux | Zas) transformation U
[T controller
O @, -
ur i u, Pasr Pgs
[?] ids ! iabc
3 torquefilux 1 abe-dg
estimator l3s |transformation
N
encode PMSM
\7f

Fig. 1 Ouerall system of the position control of a PMSM
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with
€ (B — k) /K,
& Ln/K;
P |8 _ : 29
¢ ¢t Lo/K; (29)
< ks /K,

For the case when the parameters are unknown, the
MRAC directly follows from MRC by applying adaptive
laws 1o the estimation of the system parameters. We use the
direct MRAC with unnormalized adaptive laws [19]. Since
the system has the relative degree of 2, we need the bilinear
parametric model of the position error e=6,,~0;,.
Substituting #s = ¢'w+ (ur—c"w) into (26) and combining
(27), we obtain (s*+ ks +k)e = KAur—¢'w), which turns
out to be the bilinear parametric model:

_ Sf OHT O T

e = W,islp (s+ o ¢ w) (30)
where W) = ks tps,  p* = Kjk and W=
w/iis + pi).

According to Table 6.2 in [18], we then propose the MRAC
for (30) as follows:

ur =w+é'w (31)
with

wW=—pWw+w, w0 =0 (32)

and the adaptive laws
&= —Fewsign(p*) (33)

where I' is a diagonal matrix with positive diagonal entries.
[t should be remarked that the sign of p* is always known.

4.2 Experiments

The overall position control scheme in Fig. 1 will be verified
by experiments. The experimental system is shown in Fig. 3,
which is a PC-based control system. A servo control card
on the ISA bus of the PC provides eight A/D converters,
four D/A converters, and an encoder counter. The inner
loop and the outer loop controllers are implemented on the
PC in C-language. The sampling time for the overall control
is 0.3 ms. The ramp comparison modulation circuit is used
to generate the PWM for driving the IGBT module

inverter. The PMSM in the experimential system is a 4-pole,
200W, and 92V motor with the rated current, speed, and
torque of 2.2A, 3000 rpm, and 0.5 Nm, respectively. The
encoder has 2000 counters per revolution. The parameters
of the motor are R,=214Q, L,=24mH, and
K, = 0.0738. Those of the mechanical system (see Fig. 2)
are J % 0.00042 kgm®, 1~ 0.1m, and m = 0.5kg.
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Fig. 3 Experimental systent
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Three experiments are conducted: 1) torque tracking
control, 2} set-point position control, and 3) position
wracking control. The gains of the reference model (27)
are k, = 30 and k, = 225. The popular rotor field-oriented
{RFO) control scheme is also established to a performance
COMpArison.

In the first experiment, we consider only the inner torque
control loop given as ur = 0.06sin(1.877). The experimental
results for the proposed controller and the RFO are shown
in Figs. 4 and 5. It is apparent that the proposed controller
is superior to the conventional RFO controller for the
sinusoidal torque tracking. When the motor speed is high,
the term (pKjy/L)w, makes the motor model far from the
linearised system, so that the linear PI controller in the RFO
can no longer compensate for the large nonlinearity.

In the second expeniment, the motor is asked to go to
0,=natt = 0s, and then to return to 6, = #f2 at t = 2s.
It should be noted that the reference active torque itp.s 18
generated by the MRAC and varies before the steady-state
is rcached, while the reference square flux wy,,,is given as a
constant. The experimental results of both controllers are
shown in Figs. 6-11. The transient response of the proposed
controlled is enlarged and shown in Figs. 12 and 13. It can
be seen that the steady-state error is negligible. The history
of the estimated torque shows that the values are around
zero for 6,, = m and around about 0.5Nm for 0, = n/2,
which is consistent with the physical property. Fig. 6& shows
that the parameters of the MRAC also converge to
constant values, which is a property of the MRAC. It is
seen from Fig. 7h that there is fluctuation in the estimated
torque. This oscillation comes from the oscillation of the
currents, because the estimated torque is computed using
the measured currents. This oscillation does not affect the
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Fig.5 Responses of a sinusoidal torque command

a Specd of adaptive sliding-mode torque control scheme
b Speed of RFO current control scheme
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output of the mechanical system, since its frequency is far
from the bandwidth of the mechanical system. The
comparison of Figs. 69 with Figs. 10 and 11 shows that
the performance of both controller is equally good.

In the third experiment, a sinusoidal position command is
given as

F={1 - e gsin(3m) (34)

which makes the starting smooth, since @3 (0)=
w?(0) =6, = 0. The experimental results of both con-
trollers are shown in Figs. 14-17. Although there is a delay
between the response 6, and the command r, the tracking
error ), — 6 is actually negligible for the proposed
controller, but is noticable small for the RFO. Although
both controllers have almost the same performance for the
position regulation, the proposed controller has good
torque tracking and good position tracking, whereas the
RFO has significant error in the torque tracking, so that

also has some noticable errors in the position tracking.

5
.5 T T T T T T T
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Fig. 14  Responses of a sinusoidal position commund with adaptive
sliding-mode torque control scheiite

« Position

b Torque command and estimated torque

5 Conclusions

This paper presents a new adaptive sliding-mode torque
conirol for a PMSM. The sliding-mode controller is
constructed by two integral surface functions. We also use
the concept of the adaptive sliding-mode control to handle
the uncertainty. The proposed control scheme is formulated
in Proposition 1. To demonstrate the usefulness of the
torque control scheme, we applied it to the position control
of a PMSM. The overall control system is a cascade
structure with the torque control as the inner loop and the
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MRAC as the outer loop. The control system is
implemented on a PC-based system to control a motor
with a rod fixed on the shaft. Both set-point and tracking
position control experiments verified the control theory and
showed that the proposed control scheme is useful for
industrial applications. Furthermore, a comparison with the
conventional RFO controller is also presented. Since the
application of a PM machine to the field weakening
condition is difficult, the proposed controller is not
recommended for high-speed motion.
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8 Appendix
Proof of proposition 1. Define the Lyapunov-like function as

V=3 ) (35)
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where p = p— p, 2 =2 —2*. It follows from (20) and (22)

that

V=s"s+p p+:7
=—s"(k§ +7) +s75,
= (ilsii+ Mszn +p p+iL (36)
s (K8 +2) — (st + pals2])
+pr+z i=-s"(ks$+2)<0

Note that (| |s1] + pals2] > s78,. The last equality in (36) is
obtained by applying the adaptive laws (23) and (24).

The fact that V' is bounded below and nonincreasing
implies that im, . ¥ = V. exists [20]. Thus, s, p, 2 € L,
which implies that p, Z € L, since p and z* are constants. It
then follows from (20) and (22) that § € L.,. Integrating
(36), we obtain Fy— Ve > [sTkes, and s€ Ly A
corollary of Barbalat's lemma [20] states that § € L., and
s € Ly implying s—0 as f—oo. This completes the
proof. Q.E.D.

Remark 1. The restriction of the existence of the inverse
D™ is easily satisfied. According to (17), I is nonsingular if
and only if ¢, is nonzero. The constraint of ¢ >0 will be
satisfied if the initial value is greater than zerc. Nevertheless,
in the implementation ¢ is replaced with a small value of &
i P <E.

The undesirable chattering of sliding-mode techniques
can be remedicd by replacing switching function sign (s;) by
the saturation function

Sl

Sat(s;) = D

(37)

where 2 > 0 is a smoothing factor. H
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