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A control problem of PM synchronous motor by internal model design

Zhaowu Ping and Jie Huang

Abstract—1In this paper, we study a speed tracking and
load torque disturbance rejection problem of PM synchronous
motor by internal model design. We first formulate the problem
into a global robust output regulation problem of a special
class of multivariable systems. Then we further convert the
output regulation problem into a global stabilization problem
of an augmented system composed of the original plant and
an internal model. As the augmented system does not take
any known special form, we have to develop a specific tool to
deal with the stabilization problem. In particular, a generalized
changing supply function technique applicable to non-ISS
(input-to-state stable) systems is developed. This technique, in
conjunction with a particular nonlinear internal model, leads
to an effective solution to the problem.

I. INTRODUCTION

Permanent magnet (PM) synchronous motor can be mod-
eled as follows [15]:

dé.,

dt = Wr

% - 3]27?) lq + %(Ld — Lg)igiqg — —w, — =T,
% - *%id + %iqwr + Lid“d

% - Ifj:iq - pLquidwr N ]ﬁv“’r ot O

where 6, is rotor position, w, is speed, ¢4 and ¢, are dq frame
stator currents, T}, is load torque, uq and u, are dg frame
stator voltages, Lq and L, are dg axes inductances, ®,, is
rotor flux, R, is stator resistance, .J is inertia, B is viscous
friction coefficient and p is the number of pole pairs. When
dg axes inductances are equal, i.e. Ly = L,, PM synchronous
motor is also called surface-mounted PM synchronous motor.
A basic control problem for PM synchronous motors is to
design a feedback control law such that the solution of the
closed-loop system is globally bounded, and the speed w,
asymptotically tracks a desired reference input, and the d axis
current ¢4 is asymptotically regulated to zero. This problem
can also be called speed tracking control and load torque
disturbance rejection problem.

For the special case where Ly = L4, the problem has
been extensively studied since 2000 [1], [8], [9], [11], [14],
[16]. In particular, Ping and Huang formulated the above
problem into a global robust output regulation problem of
a class of multivariable systems [11]. The output regulation
approach allows the reference input of the motor speed, and
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the unknown torque to be generated by a class of autonomous
linear system called exosystem and tolerates uncertainties
of all the motor parameters. In contrast, for the general
case where Lq # L4, the problem has received relative
little attention. To our knowledge, Zhu et al. considered the
problem based on the feedback linearization approach and
an extended observer [15]. However, their approach needs to
know the exact knowledge of the motor parameters and the
control law relies on the reference input as well as its first and
second derivatives. Guo et al. studied the above problem via
feedback dissipative Hamiltonian realization approach [3].
Their approach allows the load torque and stator resistance
to be unknown, but they need to assume that the reference
input to be constant and the viscous friction coefficient B to
be zero.

In this paper, we will also formulate the speed tracking
control and load torque disturbance rejection problem for
the general case where Lgy # L, into a global robust
output regulation problem. It turns out that, by means of
a class of nonlinear internal models, the problem can be
converted into a global robust stabilization problem of a
so-called augmented system composed of the original plant
and an internal model. The augmented system is a two-
input, two-output nonlinear system subject to both static and
dynamic uncertainties. As will be seen in Sections II and
111, the presence of the coupling term %(Ld — Lg)iqiq in
(1) significantly complicates the above problem. In particular,
the augmented system does not possess any known form, and
is thus not amenable to the approach in [11]. As a result,
we will develop a generalized changing supply function
technique and gain assignment method to overcome the
difficulty. This technique will lead to an effective solution to
the motor control problem. Compared with [15], we allow
the motor parameters Ry, J, B to be unknown with known
bounds. Compared with [3], we don’t need to assume the
reference input to be constant and allows the viscous friction
coefficient B to be nonzero and uncertain.

The rest of the paper is organized as follows. In Section
II, we first formulate the speed tracking and load torque
disturbance rejection problem as a robust output regulation
problem, and then convert the global robust output regulation
problem of the given plant into a global stabilization problem
of an augmented system. In Section III we establish some
technical lemmas for tackling the stabilization problem of
the augmented system. In Section IV we apply the results
in Section III to obtain the solvability conditions for the
PM synchronous motor control problem, and evaluate the
effectiveness of the control law by computer simulations. In
Section V, we conclude the paper with some remarks.
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II. PROBLEM FORMULATION AND PRELIMINARIES

To formulate the speed tracking and load torque distur-
bance rejection problem of (1) as a robust output regulation
problem, define the following exosystem

0 w 0
v=Aw=| —w 0 0 |v 2)
0 0 O

where v = col(vy,ve,v3). Then (2) can generate any
combination of a sine function with arbitrary amplitudes and
initial phase and an arbitrary constant. In particular, with
initial value given by v(0) = col(Asin ¢, A cos ¢, +T7.), the
solution of (2) is such that

1

Ul(t) = yd(t),vg(t) = jTL (3)

Let T1,1 = Wr,T1.2 :3 iq,IEQJ = id,ul ?q)uq,’UQ =
_ B — 3p — 3p%, —

Ug, @11 = 75,012 = W(Ld —Lq),bu = 57,13 =
R, _ p® _ pLa _ 1 _ Rs _
I,:014 = a5 = o b2 = ;021 = 5,022 =

1

%7 b21 ~ Li°
Then system (1) can be put in the following form.

1,1 = —a11T1,1 — V3 +b11x1,2 + a1222,121,2
¢1,2 = —a13T12 — 014711 + bious — a1571,172,1
To1 = —G21%2,1 + G22T1,1%1,2 + ba1us
. - [61]:{1‘1,1—111]' @
€2 x21

Denote the nominal values of the motor parameters by
Rs,J, B and let col(Rg, J, B) = col(Rs, J, B) + w where
w € R3 is the deviation of the motor parameters from their
nominal values. As a result, the system (4) and the exosystem
(3) can be put in the following compact form:

'i = f(x) u7v7w)
= Alv
e = h(z,u,v,w) (5)
where
11 T1,1 — U1
r=| x1,2 ,h(:c,u,v,w):[ ’@1 },
T2 ’

f(l', u,v, ’U})
—011%1,1 — V3 + b11%1 2 + a1272,171 2
= —a13%T1,2 — G14T11 + bious — a1521,172,1
—a21%2,1 + a2221,121,2 + barus

Let V be some known compact subset of R® containing
the origin, and W a known compact subset of R? such that
w € W implies Ry > Rg + w1 > Ry, Jo > J +wy > Jy,
and By > B + ws > By for some known positive numbers
R;, J;, B;, i = 1,2. Then the global robust output regulation
problem of (5) means the design of a state feedback control
law such that, for any initial condition of the closed-loop
system, any w € W, and any v(0) € V, the solution of
the closed-loop system is globally bounded, and the tracking
error e approaches the origin asymptotically. Clearly, the

solvability of the global robust output regulation problem
of (5) implies the solution of the speed tracking and load
torque disturbance rejection problem of the motor (1).

Various versions of the global robust output regulation
problem have been extensively studied since the 1990s [2],
[51, [7], [12]. In particular, [5] established a framework for
converting a global robust output regulation problem of a
plant into a global stabilization problem of an augmented
system. In what follows, we will derive the augmented
system for (5) based on the framework of [5].

First note that, associated with (5) are the following partial
differential equations:

thv = f(X(’U,’UJ),ll(U,w)’U’w)
0 = h(X(’U,’LU),u(’U,w)’U’w) (6)

where x : R? x R3 +— R?® and u: R® x R® — R? are two
smooth functions vanishing at the origin. (6) is known as
regulator equations [6].

As by11,b12,b21 > 0, it can be readily verified that the
solution of the regulator equations (6) exists globally and
take the following polynomial form in v.

x11(v,w) = v, X21(v,w) =0
x12(v,w) = bijtanv +btws + btvs
u(v,w) = b1_21(—b1_11w2 + bl_llanalg +aq4)vy
+b1_21 (b_llallw + bl_ll(llgw)’l)g
+b1y b aizvs
u(v,w) = —bl_llambz_llvl(auvl + wug + v3).

It can be verified that the solution of the regulator equa-
tions (6) satisfies the following equations:
xf’%(v,w) + WXy 2 (v, w) =0,
u? (v, w) + Wi (v, w) = 0,

u§5) (v, w) + 5w2u;3) (v, w) + dwhig (v, w) = 0.

Let

B =[x faliw) xBww |
Orv.w) = [ wew) o) o @w) ]
bavw) = [ w(o,w) dw) o (o)

T
4
ul) (0, w) |

Let g(z,u) = col(x1,2,u1,uz) with its i-th component
being denoted by g;(x,u). Then it can be verified that

us? (v, w)

0;(v,w)
gi(z(v,w),u(v,w)) =

where

0= [y =l 0 0]
3x3
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Ogx1 | Tyxa
0 [ 4w 0 —5w? 0 ’

5x5
Us=[10 0 0 0].

P53 =

System (7) is called a steady-state generator of (5) with
output g(x,u) [5].

For i = 1,2,3, let M; € R°*% and N; € R%*! be a
pair of controllable matrices with M; Hurwitz, and define
the following dynamic compensator

= Mg+ Nizi2+ Niblarezy 2721
12 = Mans + Noug
N3 = Mznz + Naus. ®)

It can be verified that (8) is an internal model of (4) with
output 1 2,u1, U2 as described in [5].

Let T; be the unique nonsingular matrix satisfying the
Sylvester equation

T®; — MiT; = NyW;,i = 1,2, 3. 9)

The existence of T; is guaranteed since (M;, N;) is control-
lable, (®;, ;) is observable, and the spectra of ®; and M;
are disjoint [10].

Performing on the system composed of (4) and (8) the
following coordinate and input transformation

zip = m —Ti01(v,w) — Nib 'y 4
z12 = N2 — Toba(v,w) — Ngblefl_,g
21 = 13— Tsb3(v,w) — N3by'Za 1
T11 = 11 —V1,T21 =221
Tro = x12— U T
= uy — W Ty 'y
Uy = uy— Vs3T5 s (10)

yields the following system

210 = Miziqg+diZia

Iy = f1,1(21,1, T1,1,T2,1, ) + (br1(p) + a(p)Z2,1)T1 2
212 = Myzio+ Q1 2(21,1,%1,1,%1,2,T2,1, 14)

Tip = f172(21,1721,2,97?1,1751,2@2717/4) + b1 2(p)ur

Z91 = Mszaq + Qo1(Xa, a1, 1)

592,1 = JF2,1(X2722,1,52,1,M) + bo,1 (1)t 11
where = col(z11,711), X2 =

e col(v,w), X; =
col(X1, 21,2, %1,2), b1,1 (1) = bir,b12(p) = bi2, b2 (1) =
bo1,a(p) = a2 and

f1,1(21,1,f1,1,1_72,17u)
=doz1,1 +d3T1,1 + daZo 1211 + dsT1,1%2,1
-‘1-01(1))[?271
Q1,2(21,1,T1,1,T1,2,T2,1, 1)
=dgz1,1 + drT1,1 + c2(V)To,1 + dsgZi 2 + doZ1,1%21

+d10Z2,1Z1,2 + d1122,1 21,1

f1,2(21,1,21,2751,1,51,2,fz,l,u)
=dipz12 + dizz11 + d1aZ11 + c3(v) T2 + di5T1 2
+d16%1,1T2,1 — b3T2,1T1,2 — baT2, 1211
Q2,1(X2, T2 1, 11)
=c4(v)z11 + c5(v)T1,1 + dirTa + c6(V)T1 2
+di18%T1,1%1,2 + d19T1,121,1 + d2057%1
JF2,1(X2,1,22,1,52,1,H)
=doz21 + c7(v)z11 + cs(v)T1,1 + da2Za
+eg(v)T1,2 + dasT1,1%1,2 + doaZr,1211 + dgsjil

where the expressions of bs, bg, ¢1(v), ---, co(v), di, -+,
dss are omitted for space limit.

Remark 2.1: System (11) is called the augmented system
of the plant (4). It can be shown that the origin is an
equilibrium of (4) for all i [5]. Moreover, if a state feedback

control law of the form

w1 = a1 (1), U2 = aa(Z1,72) (12)

where z; = COl(i‘l,l,ng),i'g = T21, Q1 and «o are
globally defined smooth functions vanishing at the origin
globally stabilizes the augmented system (11), then the
following control law

w = oq(z1) + Uy 'y

Uy = Ozz(fl, fz) + ‘I'3T3_1773

i = M+ Nigi(x,u) + Nibjj ajomy 2224

o = M+ Nigi(z,u),i=2,3 (13)

solves the global robust output regulation problem of the
original plant (4) [5].

Remark 2.2: As pointed out in [5], a system can have
multiple internal models. For example, (8) would still be
qualified for being an internal model of (4) if the last term
in the first equation of (8) were removed. In this case, (8)
would be the so-called canonical linear internal model as
used in [11]. It is known that the key to the success of
solving an output regulation problem is to be able to find a
proper internal model that yields an augmented system which
is stablizable and whose stabilization problem is tractable.
It can be shown that, due to the presence of the term
@12%2,171,2 in (4), a linear canonical internal model as used
in [11] would yield an augmented system of the form (11)
but with the first equation taking the following form:

Z10 = (M1 + xT21)211 + F(Z11, %12, Z2,1, 1) (14)

where x = —Nibi' a1 Ty, F(Z1,1, %12, T0,1,p) =
(MyNibyt + Nibjtan)Zzin — NibjlaieZoq(Z12 +
\I/lelNlbl_lla?M + X1 2(v,w)). We have no clue if the
stabilization problem of such an augmented system is
solvable. That is why we have proposed the nonlinear
internal model (8) in this paper.

III. TwWo TECHNICAL LEMMAS

Since the term Z'» ; appears in all equations of system (11),
system (11) is not in any special form such as the normal

5385



form or lower triangular form. The stabilization of such a
system has never been encountered before. Consequently,
in this section, we have to first establish two technical
lemmas tackling the stabilization problem of system (11).
The first lemma can be viewed as a generalized changing
supply function technique, and the second one a generalized
gain assignment technique. The two lemmas are generalized
version of the results in [13] and [2] in the sense that they
apply to a particular type of non-ISS (input-to-state stable)
systems.
Lemma 3.1: Consider the following system

T = f(T/»va?M(t)) (15)

where 2 € R",u € R,y € R, ju: [0,00) — R! is a bounded
piecewise continuous function. Let y,,, = col(h(z,u),u)
where h(z,u) : R"™' — R® with 0 < s < n is
some measurable output of (15). Suppose, for any compact
set ¥ C R!, there exists a C' function Vy(x) satisfying
Yo lzll) < Vo(z) < 7o([|]]) for some class K functions
7, (+) and 7, (+) such that for all 4i(¢) € ¥ along any trajectory
of system (15),

Vo < =0(llz]) + wi(ym)u® +w2(ym, v)y*  (16)

for some class K, function ~o(-) satisfying
—1/.2

lim,_ o+ sup(%f,(s)) < oo and some smooth nonnegative

functions w1 (Ym ) w2(Ym,y). Then given any smooth
function A(z) > 0, there exist a C' function Wy(z)
satisfying 0, (||z]|) < Wo(x) < do(||z||) for some class K,
functions §,(-) and &o(+) such that for all ;4 € X along the
trajectory of system (15),

Wo < —A@)llz]? + &1 (ym)u? + @2(ym, y)y*

for some known smooth functions @1 (ym,) > 1,02(Ym, y) >
1.

The proof is omitted due to the space limit.

Remark 3.1: The inequality (17) means that system (15)
does not have to be input-to-state stable with x as the state
and (u,y) as input. For example, the following system

7)

T =—x+xy. (18)

is a special case of system (15). It is not ISS but satisfies
inequality (16) with y,,, = = since, along any trajectory of
system (15), the positive definite proper function Vy(z) = x>
satisfies
Vo = —222+ 222y
= —22% 42z -2y
< —x? 4 ahl (19)

Thus, Lemma 3.1 can be viewed as a generalized changing

supply function technique. The interest of this lemma lies

in the fact that it will lead to a generalized gain assignment

result for non-ISS systems as shown in the following result.
Lemma 3.2: Consider the following system

C:l = Sal(Clvmayau(t))
G = AQ+ w2(C,2,y, u(t))
i = ¢(C, ¢,z y, 1) + (b(u(t) + alu(t))y)u (20)

where (1 € R™,( € R2,z € Ru € R,y €
R, 1 [0,00) — R!' is a bounded piecewise con-
tinuous function, A € R"™*" js a Hurwitz matrix,
4101(41"1:7:%/1')7 @2(4-17‘1":%:“/) and ¢(C17C27xvyﬂu’) are suf-
ficiently smooth with ¢1(0,0,0, 1) = 0, ¢2(0,0,0, ) = 0
and ¢(0,0,0,0,u) = 0 for all x4 € R’ b(p) is a function
satisfying, for all u, b, < b(u) < by with by, by
known positive numbers. Let y,,, = col(h((1,z),x) where
h(¢,o) @ Rl — RS with 0 < s < np is some
measurable output of the plant (20). Suppose, given any
compact subset ¥ C R!, there exists a C'! function V;((;)
satisfying 7 ([[G])) < Vi(G) < 71 ([[Gil]) for some class
Koo functions 7, (-) and 7, (-) such that, for all p(t) € X,
along any trajectory of system él =¢1(G1,2,y, 1),

Vi < = (ICu]) + 71 (ym)2? + Fo(ym, v)y® 21)

where ~1(+) is some known class K, functions satisfying
—1/.2

limg_, o+ sup(%(s)) < oo and 71(ym), T2(Ym,y) are

some known smooth nonnegative functions. Then there exist

a smooth function p(y,,) : R*T! — [0,00), a controller of

the form

u = _p(y7n)$ +v (22)

with v € R, and a C!' function U ((y,(o, ) satisfying
ay (161, G2s zl)) < Ur(Gr, G, @) < @i (([Cr, G2, 2]|) for some
class K, functions a;(-) and @;(-) such that along the
trajectory of the closed-loop system composed of (20) and
(22),

Ui < =[Gl = NGl = &% + 0 + 7 (G, )y

for some known smooth nonnegative function (g, y)
where ¥, = col(Yom, V).

The proof is omitted due to the space limit.

Remark 3.2: System (11) is in contrast with system (19)
of [11] in that it contains the term: a(u)Z2,1%1,2 in the Zq 1-
subsystem. Therefore, Lemma 3.1 in [11] does not apply to
system (11). Thus we need to develop Lemma 3.2 to tackle
the stabilization problem of system (11).

Remark 3.3: System (20) contains the following system

¢ AC + (2, y, u(t))
T = ¢((,m,y,p) + (b(p(t)) + alp(t))y)u

as a special case. For this case, condition (21) becomes
redundant. By Lemma 3.2 with y,,, = x, there exist a smooth
function p(y,,) : R' — [0,00), a controller of the form
(22) with v € R, and a C' function U;((,z) satisfying
oy (¢.2l) < Ui(Coa) < @(¢all) for some class Ko
functions a4 (+) and @y (-) such that, along any trajectory of
the closed-loop system composed of (24) and (22),

(23)

(24)

Uy < —|IC)1? — 22 + V2 + 7 (Gim, v)y? (25)

for some known smooth nonnegative function m(g,,y)
where g, = col(ypm, V).

Remark 3.4: If system (20) does not contain y, then
Lemma 3.2 means that the controller (22) with v = 0 solves
the global stabilization problem of system (20).
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IV. SOLVABILITY OF THE MOTOR CONTROL PROBLEM

Let us first introduce the following notations:

Z1,1 Z1,1
T = Ti2+pa(T11)T1
= —p12(T1,1,%12)71,2
To1 = T21
Uy = —p21(T11,%1,2,T21)T21 (26)

where p1 1, p1,2,p2,1 are certain smooth nonnegative func-
tions to be specified. Also, let X, = col(z1,1,%11), Xy =
COl(Xl, Zl’g,i'l’g) X3 = COl(XQ,ZQ 1, 3?2 1)

The stabilization problem of system (11) can be done by
the following steps.

Step 1: Consider the following system

Zin = Mizg+diTia

Zi1 = fia(za, %11, %20, 1) +

s

(bra1(p) +a(p)Z2,1)1 2
(27)

where f1,1(21,17571,1,5?2,1,/1) = fi1(z11, %11, T2, ).

System (27) is in the form of system (24) with ( =
21,1, = 21,1, = T12,Y = T2, A = My, Ym = Z1,1. By
Remark 3.3, with v = %1 3, §m = col(Z1,1, Z1,2), there exist
a smooth nonnegative function p;,1(%1,1) and a Ct function
01(X1) sadisfying (%)) < 01(%1) < @ (%) for
some class K, functions o (-) and @;(-) such that, for all
w € X, Up(Xy) satisfies inequality (25).

Step 2: Consider the following system

X1 = Fi(X1,%12,T01,1)

210 = Myzio+ Q12(X1,%1,2,T21, 1)

ZTio = fi2(X1, 210,812, T21, 1) + b12(p)ur (28)
where

Fi (X1, 81,0, To,1, ) =
Miz11 +diZ11
f1,1(21,1,351,17952,1, ) + (b1, (i) + a(p)®2,1)Z1 2
Ql,z(Xh T12, %21, 1) = Q12(21,1,Z1,1, T1,2, T2,1, 1)
JE1,2(X1,2’1,27531,2,552,1,M)
= fl 2(21,1, 21,2, T1,1, 1,2, T2,1, 14)
Jra(pl 1($1 1)$1 1)
81‘171
+(b1,1 (1) + a(p)@2,1)1 2).

(f1 1(21,1, %11, T2,1, 1)

S~ystem (28) is in the form of system (20) with ¢; =
X1, = 212, = T12,u = U1,y = T21, A = Mo, yp =
col(iLl,iLg). Because X;-subsystem satisfies inequality
(21), by Lemma 3.2, with v = 0, §,,, = col(Z1,1, #1,2), there
exist a smooth nonnegative function py 2(#1,1,%1,2) and a
C' function Uy(Xs) satisfying a,(||Xa|) < Ux(X2) <
@ (|| X2]|) for some class K o, functions a,(-) and @,(-) such
that, for all u € X, Ug(f(g) satisfies inequality (23).

Step 3: Consider the following system

Xo = Fo(Xo,@21,p)
291 = Maszoq + Qo1(Xo, F21, 1)
Tog = JE2,1(X2,22,1,532,1,M) + b1 (p)ue  (29)
where
Fy(Xo, o1, 1)
Fl(Xlafl,%,i'Q,l: 1)
= | Mazip+ Q12(X1,T1,2,Z2,1, 1)
J1,2(X1, 21,2, T1,2, 2,1, 1) + by o (1)1
Q2,1(X2, %21, 1) = Q2.1(X2, T2,1, 1)
fou(Xo, 201, @21, 1) = fo,1(Xo, 22,1, To,1, ).
System (29) is in the form of system (20) with ¢; = X5, (s =

Zo1,& = Tg1,u = U2,y € RO, ym = col(Zy1,T1,2,T21).
Because Xg-subsystem satisfies inequality (21), by Lemma
32, with v = 0,9, = col(Z11,%12,T2,1), there exist
a smooth function pa1(Z1,1,%1,2,%2,) and a C' function
Us(Xs) satisfying o, ([Xal) < Us(Xs) < (|| Xal]) for
some class Ko, functions a;(-) and @sz(-) such that, for all
e Y, U3(X3) satisfies inequality (23). By Remark 3.4, a
control law of the form (26) solves the global stabilization
problem of system (11). Finally, by Remark 2.1, we obtain
the following main result.

Theorem 4.1: The state feedback control law of the fol-
lowing form

—p12(F11,%1,2)T1,2 + U Ty Ly

U7 =

uy = —poi(F11, 81,2, 80,1)e2 + Vs3T5 '3

m = M+ Nigi(z,u) + Nibjarer: 2xe1

ni = M+ Nigi(z,u),i=2,3 (30)
where Z11 = x11 — v, T12 = Ti12 — ‘1’1T171771 +
p11(Z11)e1, and Za1 = w91 solves the robust output

regulation problem of system (4).

The control law (30) contains three design functions p1 1,
p1,2, and po 1 and several design parameters M;, N;, i =
1,2,3, and 71, T5, T3. These design functions depends on the
nominal values and the boundaries of the uncertainties of the
motor parameters, as well as the specific Lyapunov functions
used in deriving Theorem 4.1. For the purpose of the
computer simulation, various certain parameters of the motor
are p = 3, ®, = 0.18V.sec/rad, Lq = 0.022H, L, = 0.011H,
the nominal values of various uncertain motor parameters
are Ry = 1.2Q, B = 0.0001N.m.sec/rad, J = 0.006Kg.m?,
T;, = 0.3N.m, and the real values of R,,B,J, Ty are
prescribed by R, € [0.5R,,2R,],B € [0.5B,2B],J €
[0.57,2J], Ty € [0.5TL,2Tr]. Also, we assume the fre-
quency of the reference input is w = 3, and the amplitude
A < 2rad/sec. Under the above setup, various control law
design functions and parameters are as follows:

p1,1(Z11) =1,
p1,2(Z1,1, %1,2) = 20(1 + 77 2);
P2, (1,1, T1,2,T2,1) = 20(1 + €3 + €377 5 + €1€; + €]),
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M, = 0 0 1 7N1: 0 s
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o 1 0] [0 ]
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[ o 1 0 0 0
0 0 1 0 0
Ms = 0 0 0 1 0 |,
0 0 0 0 1
| —2626 —4156 —1857 —357 —31
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3Ty ' =[ 2626 3832 1857 312 31 |.

The performance of the control law is evaluated through
computer simulation with the uncertain motor parameters
taking the following values: Ry, = 2R,,B = 1.5B,J =
0.8J. The desired speed is yq(t) = 2sin(3t + 3 )rad/sec,
and the load T, = 0 for 0 < ¢t < 4s and T}, = 0.877}, for
t > 4s. Initial values for computer simulation are as follows:
wr(0) = 0.1rad/sec,iq(0) = 0.2A,i,(0) = 0.3A,v1(0) =
2,02(0) = 0,v5(0) = 0, and 7, (0) = 7 (0) = 13(0) = 0.
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Fig. 1. Speed error with load at t = 4s
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Fig. 2. 4 current with load at t = 4s

V. CONCLUSION

In this paper, we have studied the speed tracking and load
torque disturbance rejection problem of PM synchronous
motor by internal model design. After formulating the prob-
lem into a global robust output regulation problem of a
special class of multivariable systems, we have developed

a systematic approach that decomposes two-input control
problem into two single-input control problems. As the
augmented system does not take any known special form,
we have developed a generalized changing supply function
technique which is applicable to non-ISS (input-to-state sta-
ble) systems. This technique, in conjunction with a particular
nonlinear internal model has led to an effective solution
to the problem. The control performance was verified by
simulation results. Compared with existing results about PM
synchronous motor control, our approach offers a better
robust property and allow the reference speed and load
torque disturbance to be a linear combination of finitely
many sinusoidal signals of different frequencies and constant
signal.
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