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Abstract

This study focuses on the coordination control problem of multiple electrical excited synchronous motor systems. A robust
coordination controller is designed on the basis of cross coupling and an interval matrix. The proposed control strategy can deal
with load uncertainty. In addition, the proposed control strategy is applied to a high-power metal-rolling system. Simulation and
experiment results demonstrate that the proposed control strategy achieves good dynamic and static performance. It also shows
better coordination performance than traditional proportional—integral controllers.
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I.  INTRODUCTION

The use of coupling multi-motor systems (CMMSs) in
industry, agriculture, and transportation is steadily increasing.
Coupling multi-motor systems require good coordination to
achieve good production quality, reduce contouring errors, and
improve the operation security of systems. In recent decades,
many coordination control strategies have been designed for
multi-motor systems. The work in [1] developed a chaotic
speed synchronization controller for multiple induction motors
using stator flux regulation. In [2], a cross-coupled intelligent
complementary sliding mode control for dual linear motor
servo systems was proposed on the basis of a Takagi—Sugeno—
Kang-type fuzzy neural network estimator. The work in [3]
simplified the control structure by presenting an adjacent
cross-coupling control architecture incorporating sliding mode
control for multiple induction motors. In [4], precision motion
control was achieved by combining individual axis iterative
learning control (ILC) and cross-coupled ILC into a single
control input. To track different desired trajectories, the work
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in [5] exploited a generalized synchronization controller for
multi-axis motion systems by integrating cross-coupling
technology into optimal control architecture. In [6], an optimal
synchronization for high-precision motion system was
designed by introducing coupling and synchronization factors
into the synchronization error. Many other control strategies
have been adopted in this field, and they include adaptive
control [7]-[9], fuzzy control [10], [11], electronic line-shafting
control [12], [13], robust control [14]-[19], neural network
control [20], gain-scheduled control [21], and model-free
control [22].

Compared with asynchronous induction motors, electrical
excited synchronous motors (EESMs) achieve higher
efficiency, power density, and so on. EESMs are applied in
many fields, such as in mine-hoisting, metallurgy, metal-rolling,
and marine propulsion, particularly in the field of high-power
industrial drives. The present work explores the coordination
control of multiple EESMs.

The dynamic model of driving devices is seldom or never
considered in CMMSs when controllers are designed [2], [5],
[12], [13], [16]-[21]. If the dynamic model of a driving device
is fully considered, the dynamic performance of a system
significantly improves. Therefore, a multiple externally excited
synchronous motor system is studied in the current work. A
dynamic model of an EESM is considered to improve the
dynamic performance of the studied system.
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When a parameter is uncertain or changes with time, an
interval matrix is normally introduced [23], [24]. Confined by
supply voltage and protection equipment, the current and speed
of an EESM are limited to a rated range. Although many
coordination control strategies have been developed, cross
coupling remains widely adopted in coordination controller
design [2]. Interval matrix and the cross-coupling concept are
introduced to design the controller of a multiple EESM system.

This paper is organized as follows. The mathematical model
of a multiple EESM system is presented in Section Il. The
coordination controller design is presented in Section Ill. The
application of the proposed design in a high-power
metal-rolling system is described in Section IV. Conclusions
are given in Section V.

II. MATHEMATICAL MODEL
The following notations are used throughout the paper. | is
the identity matrix with an appropriate dimension, and e, is
the ith column of matrix 1. 0; denotes the zero matrix
with ix j dimensions.

M _ M H M
If matrices A" =[aj],., and A" =[a;"],,, satisfy af <aj

ij ]n><n
for all 1<i<n and

[A" AY]={[a;]:a] <a; <a' 1<i,j<n} can be defined.

1<j<n , then

Assume AeR™"

interval matrix.
Lemma 1 ™. For a given interval matrix Ac[A" AM]

and Ae[A™ AM]; then, A is an

and Ae<R™™, A can be rewritten as
A=A +EAG,AeA’.

where A :%(AM +A"),H =[h],.. :%(AM —-A") . The

elements in matrices A" and A" consist of the lower
bound and upper bound of the elements in matrix A,
respectively. Each element in matrix H is nonnegative.

A ={AeR™ |A
:diag{/’{ll X v A lnn}’
2l <1ij=1n},

~[Jhe - e o e, o e ]
G=[Vhse, e e ]

Lemma 2 . For any given interval matrix A<[A" A"],

matrix Aﬁ%( +A"), and H=[h, _%(AM—Am), A

ij ]nxn

<h

where i -

can be writtenas A= A, + z ef

"Jl’ u

Lemma 3 B For any scalare>0 and real matrices X

and Y with appropriate dimensions, the following inequality
is established.

T

s—x+gYTY.
E

According to [31], the mathematical model of EESMs can
be described as follows.

XTY +YTX

di L.,L R

_f_ Ldes md —sq a)isq_ f |f_ I-md Uy + Lmd u,,

dt O'Lde aLde oL, olyl, oLyl

i L LR

d, __ R iy +— @iy +— 1+ ! Uy — L u,,

dt ol ol olyl, ol oLl

di .

Gy Luy Ry bwy 1y

dt Ly L L, L

da) n n,B

dt -+ (Lmd f sq (Lmd - Lmq)lsd sq) pT _Tw

M)

where L, and L, are the d- and g-axis self-inductions,
respectively; L, and L, are the d- and g-axis

inductances, respectively; L, is the excitation winding

L2
self-induction; o =1-—
sd —f

is the excitation winding resistance; R,

is the leakage coefficient; R,

is the stator

resistance; n_ is the number of pole pairs; B is the

p
frictional coefficient; J is the moment inertia; i, is the

excitation current; i, and i, are the d-and g-axis currents,

respectively; @ is the rotor angular speed; u, is the

excitation voltage; u, and u, are the d- and g-axis input

voltages, respectively; and T, is the load torque.
Remark 1. Damper winding is not considered in the
aforementioned model. That is, damping winding is assumed
to be constant in this work.

If model error and disturbance are considered, the ith
subsystem (i.e., motor i) is described as

% _ Lmd| Rs| . Lmdl LSC|I C()- _ Rfi .
dt GI LsdlL GI LsdlL r GiLfi !
- Lmdi l‘]sdi + Lmdi ufl + d fir
fopy ] oy o
M - _ RSI H qui @i Lmdl R
dt O-I LSdI O-I LSdI re O-I LSdI L
1 L,
+ Uy ————Ug +dg,
oily « oilils e @
di_; ' .
= LSdI iisdi - RSI Isql Ldla)iifi +iusqi + dqil
dt I_SCIi LSCIi qui sqi
do, p-
T (Lmdl f| sqi (Lmdl me)lsdl sq|)
n, n B
-1, L= +d,,
J, J,
where L, and L are the d- and g-axis self-inductions of
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motor i, respectively; L, and L, are the d- and g-axis

mdi
inductances of motor i, respectively; L, is the excitation

2
winding self-induction of motor i; aizl—i
sdi —fi

is the excitation

is the

leakage coefficient of motor i; R,

winding resistance of motor i; R_ is the stator resistance

si

of motor i; n_ is the number of pole pairs of motor i;

is the

pi
B. is the frictional coefficient of motor i; J

moment inertia of motori; i, is the excitation current of

and i

motor i; g « are the d- and g-axis currents of

motor i, respectively; o, is the rotor angular speed of

motor i; u, is the excitation voltage of motor i; u, and

ug, are the d- and g-axis input voltages of motor i,

respectively; T, is the load torque of motor i; d,, d,
d,.and d, presentthe model error and/or disturbance; and

subscript i=1---,n.

As the changes in disturbance and load are usually slow,
the following condition is often satisfied, similar to that in
[25], [26].

ddfi ~0, dddi ~0, ddqi ~0, dd(oi zo,ﬂ
dt dt dt dt dt

The current and speed of each EESM are constrained by
supply power, rated parameter, protection equipment, and so
on. Thus, they are restricted to a certain range or “rated”
range. Hence, the following assumptions are reasonable.

mo_: M om M om M
i Sl Sl lgi Sy Sl @ <@, < o, (4)

~0 (3)

ir<i, <iy|i
The state variables and control inputs of subsystem i are
chosen as

X =[x, =l lads iy @ —a] [} (@ -a)dsT,
Ui:[uij:Lxlz[ufi Ugi qu]T

where o is the desired speed of the ith subsystem and is

®)

a constant.
Tracking error is defined as
Ao, =0 -0, (6)
In coordination control, the desired speed of each motor

*

may be different. ' may not equal ] wheni=j.

Scalars o' and ] should be introduced to describe the

coordination error of the ith motor and jth motor. The
coordination error between the ith motor and the jth motor
can be defined as
Aw; = a)?a)i —a)i*a)j )
The mathematical model of subsystem i is described as
follows , according to (2) and (5).
X, = AX, +BU, + f,(x)) ®

where
_ Rfi I‘mdi qui Rsi 0 0 0 07
oiLy oilgily
Loai Ry _ Ry 0 0 0 0
oilyily oily
0 1 0 0 0 0
A= ’ ,
0 0 0 ——t 0 0
qui
n,;B
0 0 0 0 P 0
Jl
| 0 0 0 0 1 0]
(1 L T
— i 0 0 0O
oLy oiLgily
B =|- L ! 0 0 0 0f,
oilaLy oily
0 0 0 Li 00
L sdi n
_ Ll _
e X (X5 +@") +dy
oilgily
L. .
=X, (% + @) +dy
Oilsii
f; (X']) = 0 )
Lo oi . Lai vivyui «
(- )0+ 0)
sqi sqi
f_lS
L O .
15 nszi iy iviy i B, .
o= T(Lmdi Xy + (Lo — Lmqi)xzx4 _TTH _Tmi +d,

According to (8), the model of a multiple three-level
EESM system is expressed as

X = AX +BU + F(x}) 9
where
X=[X, = X, - X, T,
u=[U, - U, - Un]T,
A=diag{A -~ A - A}
B =diag{B, --- B, --- B},

Fog)=diaglf0q) - 0g) 1,00

I11. COORDINATION CONTROLLER DESIGN

A coordination controller should be designed to ensure that
the system achieves a good coordination performance and
that each motor can track its own desired speed. The control
structure of the system is described in Fig. 1.

The auxiliary matrices are defined as

Q, =diag{Q’ - Q’ - Q},
AQ:[Aqij]Snxsn:diag{AQl e AQ e AQ L
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Fig. 1. Control structure of the system.

El = |:\1Aq11e1 o Aql(inel AanleSn o \/AanGneGn:|

6n><(6n)2 !
.
G, :|:V AGy8 o A8, \/Aqﬁnlel \/Aqeneneenlfin)zx@n.
where,
L.

i Qio N Qio

Q' =107k = Y20k, 7,
Qs Qe

Qﬁl =0y,

A IL”"' (i +ig) 0

0o _ si si
Qe = (™ + ™) —(is'\:I +ig; 0
L 0 O O
,ﬂ(w.M +a) *i(wiM +a) 0
2L, 2Ly

Qiozl = nzi ; im i

ZSi Lmi(ls’\:i + ISqi) O, 0

L 0 0 0

0 gu O
Qi =| Gs: 0 0

0 0 0

sdi sqi

i 1 I-mi H im Lsi H m
qu:_{Ld (if +if)+ Ld (ig +ig },

2

i Nyi i im
qs(z) = 2;_ (Lmdi - Lmqi)(ls’\gi + Isqi)

i nzi - -m H =m
Gsg = o (L (i§ +15) + (Lyg — Lmqi)(|:§i +igi))

2J,
qui
AQi _ [Aqiij]6x6 _ Q|11 20‘i Lsdi Q|12
Qi21 Qi22

AQi11 = 03><3
S (o —of) L -iG) 0
AQy, = i m v im
a)i'vI -, Is’\t/;i - Isqi 0
0 0 0
Ligi (M m L ™ m
_—mdi_ _ _Tsdi (M ! 0
oL, (4 ) 2L, (&7 - ")
AQu =| Ny M am i
“ ﬁ Lmi(ls’\:i - Isqi) Aqsz 0
L 0 0 0
0 gy O
AQizz = qég 0 0
0 0 0
; 1(L ... . L. ,. .
Ay = =41 (iF —i) + = (i i),
* Z{Lsdi qui

n?
AQg, :ﬁ| Logi = Longi |(|3Z|i - 'srgi)

ooong M m v im
AQs, :2_3(Lmi (if i)+ Ly — Lngi | (i% —i%)

Theorem 1. For system (9), each EESM can track its own
desired speed and maintain a good coordination with other
motors under controller U =KX if there exist a symmetric
and positive-definite matrix P1eR*™®", matrix K eR*™®",
and positive scalar A such that the following BMI holds:
{ATPl+PlA+ K'B'R +PBK +QjR +PQ, +4G/G, PE,|_

E'R, -l
(10)

0,

Proof:
As robust control law is designed as U =KX, (9) is
rewritten as
X =(A+BK)X +F(x)). (11)
Let
W (x}) = (A+BK)X +F(x)).
W(x!) is continuously differentiable with regard to x; ;
hence, the equation W(x‘j)zo offers a unique solution
under condition (4). Assume that X, is the solution of
equation W(x{)=0, thatis, X, , =0.Let
Z = (A+BK)X +F(x)) (12)
Then, Z=0 when X =X, . According to (11) and (12), the
following equation is obtained.
Z =(A+BK+Q(x))Z (13)

where Q(x))=diag{Q---Q ---Q,},
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0 0 0 m g m i 0]
o-lLsi O-iLSI
0 0 0 -tg —iisqi 0
O O;
0 0 O 0 0 0
Qi = L .
-, - 00 g° 0
Lsi
n% n’
Floba 00 Ly 0 0
0 00 0 0 0]

g;° =_(%ifi +igg)-

A Lyapunov function is chosen as

V,=2"PZ (14)
According to Lemma 1, Q(x‘j) can be rewritten as
Q(x)=Q,+EAG,AcA’ (15)
where
A ={A RV | A=diag{yy ¢ Zs v T T Zswend
2| <10, j=1---,5n}.

The following equality is obtained via (13), (14), and (15).
V,=Z"(A'R+PA+K'B'R +PRBK +Q R +PQ,)Z
+Z"G/A"E[PZ +Z"PEAG,Z.
According to Lemma 3 and ATA<I, inequation (16) is
obtained.
\/'Cl <Z"(A'P+PA+K'B'P,+PBK +Q;P +PQ,

T (16)
-r/iGlTGl-rLlEl/;El Pl)Z

If

.
AP, +PA+ KTBTI314—F>IBK+QJF>1+F’lQo+ﬂLGlTGl+7PlEl/I1El Fico

(17
the time derivative of the Lyapunov function V., is negative.

This result indicates that the system can be stabilized by the
controller, i.e., each EESM can follow its desired speed, and
the system remains coordinated. According to Schur
complement theory, (17) can be rewritten as (10). This
completes the proof of Theorem 1.

Remark 1. The proposed controller is U =KX , where

k e R*™®: thus, matrix K can be expressed as

K =[k;1.k; e R*®i,j=1,2,...n.
In this expression, k; is the feedback gain of motor j to
motor i and k; is the self-feedback gain of motor i. As
each motor must track its own desired speed, k; =0 for
i=12,..n.
If k; =0, then the signals of the state variables of motor ]

are not sent to motor i, in which case motor i is not
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Fig. 2. Controller structure.

influenced by motor j. If k; =0when i= j, each motor

only tracks its own desired speed without coordinating with
the other motors. If every motor tracks its own desired speed
and considers its coordination with other motors, then k; =0
i,j=12,..,n .
coordination with motor j, then let k; #0 and k, =0

for all If motor i only considers the

with | =1, .

Take three motors as an example. Motors 1 and 2 ,motors 2
and 3 should achieve good coordination performance. Thus,
we should let k,=0, ky;=0, k,=0,k,,#0, k,#0,
kp, 20,and k; =0 with i=123.

If the cross feedback signals are enhanced in the proposed
controller, the coordination performance consequently
improves. As the controller design is based on the dynamic
model of a drive motor and the current signal is used for cross
feedback, the dynamic performance of the system is
improved. A detailed description of the controller is
presented in Fig. 2.

Remark 2. The model error and disturbance are considered
in the system model, thus giving the proposed control
strategy strong robustness to the environment disturbance and
perturbation parameters. The load information of two motors
is not required in the proposed controller, which can thus deal
with load uncertainty.

Ten changeable elements make up Q,. According to
Lemma2, Q, can be expressed as

Q=Q’+M, (18)
where
Mi =65 f1i49;i72 +6€ 5 f1i5egi71 +€6is f2i4egi72 +€6is fzise;ifl +€i,
X fAtilegi—S + eGi—Z fztizegi—4 + e6i—2 fAtise;iri—l
+e6i—l fSile(-Sri—s + eGi—l fsizegi74 + esi—l fSiAtegi—Z'
with | £ [<AG, | [TLl<Ad o | Gyl<Ady | fil<Ad,

|fal<agy o [fplAq, | [fgl<Ads |, [fgl<Ag
| fo < Agg, and | g, < Adg, .
Equation (19) is obtained by combining Q(x}) and (11).

Q) =Qy+ M+ + M+ + M, (19)
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Theorem 2. For system (9), each EESM can track its
desired speed and maintain coordination performance with
other motors if there exist a symmetric and positive-definite

matrix P, e R®™", matrix K=eR**" , and real scalar

A,>0, >0, A,>0, A >0, A,>0, A,>0,

Aig>0, A >0, 2,>0, and A, >0(i=1---n) such that
the following BMI holds:

A'P,+P,A+K'B'P,+P,BK +Q/P, +P,Q,+ Y, Y,

Y; _Ys

(20)

<0

where
Y, ={(Ad)” + 2, (As,) Jee]
{0 (AG,)” + A6, (AGE,) Jes6;
+{ A (AL)* + Ay (M) + A, (A05,) Jesg
+ {5 (M) + s (As) + Aus (A ) Jesl
+ '+{ﬂ“ziu (quiu)z + ﬂsil(Aqgl)z}%i-seZi-s
+{05 (AG,)” + gy (A,) Y514
+ {0 (A00)° + 254 (M) + A, (A, ) 36585
+{21i5 (Aqis)z + /izis (Aqizs) + }hits (Aqis)z}eG.Ae; 4
e A (A" + 26 (M%) Yeg, 58 s
A (AGL)" + Agy (A0E,) Ve, 1860
A (A + A5y (A05,) + Ay (A5, ) Yes, o5,
+{ s (M) + A5 (AQs) + Ay (AG ) Yes, €60 1
Y, :[Pzel Pze1 Pzez Pzez Pze4 Pze4 PzeA Pzes Pzes
P - Peis Peis Pfis Pfis P
Pesiz Pz Pia Py Py - Pns Plans
P266n—4 P2e6n—4 PZeGn—Z P2e6n—2 PZGGH—Z P2e6nfl P266n4 P266n71]
Yo=diag{d, A A A Aa A s A e
A A s Ay A A e
Y R O S R ¢
Proof: The Lyapunov function is chosen as
V, = z' P.,Z (21)
On the basis of (13), (19), and (21), the following equation is
obtained.
ch =ZT(A P, +PA+ KTBTP2 + P,BK +QJP2 +P,Q,)Z

+277 (e fle; +eflel +e,fhel +e,frel

1,T
5464

+ e4 fAIle:- + eA f412e.2r + e4 f415e;'|>— + eS f51lelT + e5 f

Tt Eis fliélegi—z +€is fliseeTH +€ia fzi4eeTifz +€ia fziseeTifl

+ eGi—Z félilegi—S + e6i—2 fztizegi—él + e6i—2 leiSegi—l + e6i—1 f5ilegi—5

+ €1 fSiAegi—Z ot Cns flzegnfz +€ns flgegn—l

+ eGn—4 fZ’legn—Z + eGn—4 fzge;H + eGn—Z f4nlegn—5

+ eGn—Z f4“2egn—4 + eGn—Z f4‘;egn—1

+ €na fqugnfs + €na fsrlegnfz)T Rz

(22)

The following inequality is obtained via Lemma 3 and

| fi < Agy.
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V,<Z™MZ (23)
where
M =A"P,+ P,A+K'B'P, + P,BK + Q] P, + B,Q,
Pzeleir PZ + PzeleI PZ + Pzeze; Pz + Pzeze; Pz

+Y, +
1 1 1 1
A s o A
+ P2e4e;tr PZ P2e4e;‘»r PZ P2e4e:1r PZ I:)ZeSe;r PZ
1 1 1 1
/141 2’42 2’45 ﬂSl
T T T
n Pzesfs P, Tt Pzeeifs?eifspz + Pzesifs?aifspz
A5 Ay Ais
P2e6i—4egi—4P2 PZeGi—4egi—4P2 Pzeﬁifze-Gri—ZPZ
+ i + i + ﬁ.i
A Aos a
P2e6i—Ze;3ri—2P2 PZeGi—Ze;Sri—ZPZ P2€6i—legi—1p2
+ Zi + ii + i
42 45 1‘51
T T T
4 PZEGi—lieGi—lpz I Pzeen-s":en-spz 4 P266n—5?6n—5P2
Z A Ay
Pe. .o ,P Pe. .l P Pe. .el P
+ 2¥6n-4~6n-4" 2 + 2¥6n-4~6n-4" 2 + 2¥6n-2-6n-2" 2
n n n
ﬂ?‘l 125 241
Pe. el P, Pe. el P
+ 2¥6n—-2~6n-2" 2 4 2¥6n-2~6n-2" 2
n n
1’42 245
P2e6 1e;3r lPZ PZGG leg 1P2
+ n-. . n-. + n-. . n-. X
Z g

If M <0, then the time derivative of the Lyapunov
function V., is negative. This outcome indicates that each

EESM can follow its desired speed and that the system can
remain coordinated. M <0 can be rewritten as (20) via
Schur complement theory. Doing so completes the proof of
Theorem 2.

IV. APPLICATION IN HIGH-POWER
METAL-ROLLING SYSTEM

The proposed coordination controller is utilized for an
aluminume-rolling line in a Chinese factory. Fig. 3 shows the
structure of the metal-rolling system. This system comprises
an inverter and an rectifier, both of which make up a typical
three-level NPC topology. The transformer converts the 10
kV AC into 3 kV AC, and DC voltage is obtained via the
PWM rectifier. The converter for field winding is used to
control the field winding current of the EMSM. Two inverters
arranged in parallel are used to control two 5 MW EESMs
(Fig. 4). The parameters of the EESMs are shown in Table I.
Each EESM can achieve up to 10 MW in a short time.

EESMs 1 and 2 respectively drive the up roller and the
down roller to realize metal rolling. In the working process,
the loads of the two EESMs often change rapidly when the
metal touches the roller. The loads of the two EESMs are also
different for numerous reasons, one of which is the shape of
the metal, which further results in different output torques
between the two motors. To achieve high-precision metal-
rolling, the speeds of the two EESMs must be the same, and



Coordination Control of ...

Three-level Three-level
-45& Rectifierl Inverter! |
10KV/3KV
%C%: Rectiﬁerclm @} control

Tnverter Tor
field wind

Three-level

"4?‘— Three-level Inverter2 |

Rectifier2

Fig. 3. Structure of metal-rolling system.

Fig. 4. Metal-rolling system with two EESMs.
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Fig. 5. Main circuit topology for three-level diode clamp
inverter.

v

TABLE Il
SWITCH STATES FOR THREE-LEVEL IGCT

TABLE |
PARAMETERS OF EESM
Rated Power 5000 kW | Rated voltage 3050 V
Rated current 982 A Rated Speed 30 r/min
n, 20p R, 0.0583 Q
L, 0.0628H L, 0.0083H
L,, 0.0457H Long 0.0285H
L
L 0.0540H s 0.0368H

the speed drop should be minimal. These goals are feasible if
the proposed coordination controller is adopted.

The circuit of a three-level diode clamp inverter based on
IGCT is shown in Fig. 5. The output voltage state is defined
in Table Il. Considering the motor parameters, we can obtain
the following control parameters by solving the inequality (10)
via MATLAB.

LAB soft
(-6 -04 0 -07 -01 O
0 -15 -6 0 0 0
Ko -05 0 0 -5 25 -55
-03 -01 0 -025 O 0
0 0 0 0 0 0
L 0 0 0 13 30
-05 -01 0 -02 O 0 ]
0 0 0 0 0 0
0 0 0 3 10 25 24)
-5 -05 0 -08 -02 O
0 -20 -8 O 0 0
0 0 0 -6 -30 -60]

Next, a simulation and an experiment are conducted to
verify the effectiveness of the proposed control algorithm.

Case Phase Switch States
voltage
1 ud/2(P) Qal=on,Qa2=0n,Qa3=0ff,Qa2=off
2 0 Qal=off,Qa2=0on,Qa3=on,Qa2=off
3 Ud/2(N) Qal=0off,Qa2=0n,Qa3=0n,Qa2=0ff
A. Simulation

The simulation is conducted in MATLAB with varying
loads (T, ) and parameters (L, ) for the two motors.

T =Tes s Tro =12x Ty s Loy = Lo » Logo =12x Ly (25)

11 rated ? rated * —md,1

The desired speed of the two motors is 27 r/m. The load is
added to the system at 2 s and removed at 3.5 s.

A comparison between the proposed method and the
traditional proportional—integral (PI) controller is conducted
to further demonstrate the control performance of the
proposed controller. The PI speed controller is used in the
outer loop, whereas the PI current controller is used in the
inner loop of each motor. The PI law can be presented as

t t
Ugy = Kpi, gy + k”dljldldr,uql = kK 1g + kﬁﬂ_['dldf
0 0

t t
Ugp = Kpy,, Ty, + kndzj.'dzdfruqz =Kk Tgp + kli_“J.IdZdT
0 0

& H H & H % * ~ *
where 1y, =iy —iy , 1, =i~ O =0 -0, Gy=0, -0 .

The control gains of all controllers shown below are
elaborately selected to obtain optimal synchronization and
tracking performance.

Ke,, =120,k =-50, kF,m1 =-14,
ki, =30, kyy, =13 kg, =
kpidz:—140,k. — 60, kpwzz 07,
K., =25k, =-8k, =-15

! Pl ! I|

The control performance of a traditional PI controller is
depicted in Fig. 6, which shows the speed error at maximal
(0.36 r/m) when the load is changed. Fig. 7 shows the results
achieved with the proposed controller. The maximal speed
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Fig. 6. Performance of traditional PI controller.
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Fig. 7. Performance of proposed controller.

error is 0.11 r/m, which proves the effectiveness of the
proposed method when the parameters and loads of the two
motors are different (25). This result also indicates that the
proposed controller exhibits a superior performance relative
to the traditional PI controller. Note that the load information
of two motors is not required in the proposed controller and
that the proposed controller can deal with load uncertainty.

B. Experiment

The proposed coordination controller is then used in the
metal-rolling system of Guangxi Liuzhou Yinhai Aluminium
Co., Ltd., and the experimental data are recorded with a
specific software program. Fig. 8 shows the results achieved
with the proposed algorithm without load. The results
indicate that regardless of whether the system is in steady
state or dynamic state, the speed error between the motors is
nearly zero.

Fig. 9 shows the results obtained with the proposed
algorithm under the rolling condition. When the roller
touches the metal, the maximum speed error between the
motors is less than 0.7 rpm, and the error converges to nearly
zero in a short time. This result demonstrates the good control
performance of the proposed controller. Similarly, the load
information of two motors is not required in the proposed
controller, which can thus deal with load uncertainty. Fig. 10
shows the production of an aluminum strip and reveals the
successful use of the proposed controller in the metal-rolling
system.

a0 B ]
2 T
= 20 —
3 speedl y  —
& 10} — 8
_’_d_f—”'df' "speed2
0 . .
[ 05 1 15 2 25

di- 2
os (speedi-speed )\A |

M’mw e

=l - - -
@ 0.5 1 1.5 2 2.5
time (s

Fig. 8. Start process in no-load condition.
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Fig. 9. Process under the rolling condition.

V. CONCLUSIONS

This paper presents a coordination control strategy for
multiple EESM systems via cross coupling and an interval
matrix. The proposed controller is successfully applied in a
high-power aluminum rolling system. It can deal with load
uncertainty, i.e., the load information is not required in the
controller. The simulation and experimental results verify the
good dynamical and static performance of the proposed
control strategy and its superior coordination performance
relative to traditional P1 controllers.
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