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Compatibility and Uniqueness Analyses of Steady State Solution for

Multi-variable Predictive Control Systems
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Abstract The multi-variable control systems can be structurally classified into the square and non-square ones, with
the latter further into fat and thin ones. For the fat and thin, the output offset and non-determinedness of the steady
state input, respectively, can occur in predictive control systems. From the steady-state relationship between the control
input and the controlled output, the two issues are tackled as the compatibility and uniqueness, respectively, of the non-
homogeneous linear equations set. The reason why the compatibility and uniqueness issues can arise is analyzed based
on the determination theorem for non-homogeneous linear equations set, and the solutions based on the double-layer
(two-layer) control structure are given. The upper level steady state optimization not only tackles the compatibility issue
for the thin system, but also finds the optimal solution from the infinite many consistent ones for the fat system. The
lower level predictive control algorithm, integrated with the control input target, guarantees the uniqueness of the steady
state solution for fat system, and algorithmically unifies both the square and nonsquare systems. Simulation results
have validated the effectiveness of the double-layered predictive control algorithm, i.e., the steady state solutions of the

multi-variable predictive control system are consistent and unique.
Key words Model predictive control (MPC), steady state optimization, double-layer structure, compatibility, uniqueness

Citation Zou Tao, Li Hai-Qiang, Ding Bao-Cang, Wang Ding-Ding. Compatibility and uniqueness analyses of steady
state solution for multi-variable predictive control systems. Acta Automatica Sinica, 2013, 39(5): 519—529

5 7R 7 4% il (Model predictive control,
MPC) &Rk TR Eﬁfr%ﬁﬂ%%ﬂﬁ&ﬁ’m
5 [ARFLEE 4 (61074059, 61174095, 60934007), i Fieil k. - H) MPC 3% Bl Cutler 4 Hi #8h & HFF
SUBFEIH (KGZD-EW-302), $VL4A A #AFHAHEE (Y12F030052) kil (Dynamic matrix control, DMC). Richalet

Wk H 1 2012-05-15 A H A 2012-11-29
Manuscript received May 15, 2012; accepted November 29, 2012

)

Supported by National Natural Science Foundation of China
(61074059, 61174095, 60934007), Key Research Program of the
Chinese Academy of Sciences (KGZD-EW-302), and National
Natural Science Foundation of Zhejiang Province (Y12F030052)

P A T

Recommended by Guest Editor LI Shao-Yuan

1. P ERREABELH BTN YL 110016 2. WL ML R
fH B TR BN 310023 3. PHZACIKAEH T ’%{ BLARBE 7Y
‘% 710049

1. Shenyang Institute of Automation, Chinese Academy of Si-
cences, Shenyang 110016 2. College of Information Engineer-
ing, Zhejiang University of Technology, Hangzhou 310023 3.
School of Electronic and Information Engineering, Xi’an Jiao-
tong University, Xi’an 710049

P2 B S5 ] (Model algorithmic control,
MAC)=21 DL Bt i Clarke %EHE’J}*XTE{J”\J?*
| (Generalized predictive control, GPC)Pl Jyf{
#*. MPC HikAehirs flkﬂﬁﬁkﬁJrFH Z¥ IS N
Gz R,

PRAR b B v, R T &R 4508 8 K H 40
JZB I A5 P 2R S ARG (Real time
optimization, RTO) J2, )24 MPC, Ji&2 K3
fii#= ) (PID) 2. RTO #oiss A iR
A O (TAE L), i MPC 47 57 3h 25 i



520 H | 1k

F {4

39 %

T R G A LU KR GE 5y J2 3 I J 1 45 ) 2
R AR AL, H RTO 2 ZESE I 1) 4> 4% & AL
1, B TAEAR R B %, BRORS FEARAEORIE, A7 N
DA A 36 2 ) S AR L. BT EA, H i I R T B 5
MR T HELL MPC A0 %

T B XM, RTO-MPC 158 € s
T AT AT B B A TAE A, i MPC ik e
ROBENTE RN Bl TAER, WL b
2B, AR R AR SO DU B B
U IR, A, R Pt 42 i) S50 vck L 2% BRI
B Hbs (B2 s 1REd, Bl DMCH,] A g
A N 5 40 2 B R AR A B TR A2 — X B 56 R
IR, Al i A\ i AR AN A BUN, B RO
SRS A SRS 2 N TR H Rt [ IS5 3805 2
SR, LB 2 A8 s B IR T IY, FN H 2
RS R RIFA— XN, MXRREHITIRS
I3 Mty NE, 38R e R F T Bl R R E )
o vk Hak e m i Sh e dh 2 A B RGN
S KARZ A E . Ak, P H & —Fh T
A IR 2 I 5505, XA A58 ] DR J7 {0 1K iy A\ 1%
JE B VERE SR AR B, AL 6 R G A
A IREA N H bR RE B0 SR sl N H AR
FHU 47 S S5V AT B AR A JOT 43 B 77 T 2240 T R
TR B S, B A g N H AR R S H AR G ]
I A2 I, i 22 PR /0N e B N B b 0 2 AU 32
AT L.

Ak, MPC M AR LT —Fh 2 il Asd
A A 1 X2 45 1 0 42 ) S mg 10181 X 2 4 g
HIRRASALE (Steady state optimization, SSO)
—J7 A LA RTO H bR AT 8 SR ER, 53— J7 1
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Fig.1 Geometry description of the steady state solution

of a system with three inputs and two outputs
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Fig.2 Geometry description of the steady state solution

of a system with three inputs and three outputs
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Fig.3 Geometry description of the steady state solution

of a system with two inputs and three outputs
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st. Ay, =G, Aug, + G Af + e 9)
UT min < Wss o1 + AUgs < UT max
Y7 min < Yusk-1 T AYs < Y max

2% H AR S 18 RGANERARE (w0,y,) FF
R TR (o, y,,) 16215 (ur,yy) £08/D
R BB, Hob, ROF1Q W F A
(XN T RS X T FRRER R B, T AR P o
TRHH IO TR (W, y,,) 13 (ur, o) FEFFEEES
(5t B L ADI S wp Ay M
30 P A PR ARSI H . i, B g R
0 TR (A NSRS P F SR R,
T Y e TR VT E A SRS ) T 5
RIESE. BB RTO M H 44 4 A
I FLAR () AR RA AR 25 0t —
MR 4 0 1t 4 S 05 R AT A M — .
b By 0 S5 TSR A b I AT 1
.

L e 2 L B R AR I 5047 15 6 1
TSt oL RS A S e I, T L2
2 A H O BRI TR b o2 B, ) 4
B



524 E] /R (A S 39 %
o (1 0 0]
1 1
Y BO = .
SSO SSO - .0
(BB (AP B 11 --- 1
L 4 (MxM)
i Ul(k? — 1) i
Y :
e uy(k —1)
' ulk—1) = :
PID U (b — 1)
B4 SR T 2 K :
Fig.4 Framework of double-layered predictive control L um(k} — 1) ]
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Fig.5 Output target of multi-variable system
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Table 1  Steady state values of traditional MPC and MPC integrated with input target for fat system case

At AR etk uy Bl uy R us B Y1 Rl Yo R
BRI A HHBCREI N 5 0.5000 0.3905 0.1560 —0.5000 0.5000
T 2 AR RN 0.5 0.4927 0.3852 0.1385 —0.5000 0.5000

HERARN H A B il HHAREIS N 5 0.5000 0.2107 —0.4931 —0.5000 0.5000
BTN AR T 2 B R BN 0.5 0.5000 0.2107 —0.4931 —0.5000 0.5000

2 H TR A e O B BRI AS A (7 R &)
Table 2 Steady state values of traditional MPC and MPC integrated with input target for square system case

Gl L= 0)R b uy RS ue BB us BB oy RS Yo R ys R
BRI i BUREIT N 5 0.5000 0.2131 —0.4939 —0.5022 0.5001 —0.4245

“u T T ) ARSI N 0.5 0.5000 0.2132 —0.4940 —0.5027 0.4996 —0.4250

SE RN H bR T4 ) i th AR BN 5 0.5000 0.2120 —0.4937 —0.5017 0.4998 —0.4244
A AN bR T 4% ) WA BN 0.5 0.5000 0.2124 —0.4935 —0.5011 0.4988 —0.4248

K3 HRTRI A AN e N H R TR RS E (RS
Table 3  Steady state values of traditional MPC and MPC integrated with input target for thin system case

LT (=AZS etilEae it uy FAASE uy FAAH y1 FaASE Y2 P ys FaAS
T 7 HAREIS N 5 0.1451 —0.0494 0.5000 0.5000 0.4176
“H R 47 R AR 0.5 0.1451 —0.0494 0.5000 0.5000 0.4176
HERARN FoAR L 4l AR REI N 5 0.1451 —0.0493 0.4999 0.5000 0.4176
HERAIN H A B0 ) HHBRES N 0.5 0.1451 —0.0493 0.4999 0.5000 0.4176
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Fig.7 The input and output responses when the steady

state gain of G11 in controller model is 4.55
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Fig.8 The input and output responses when the steady

state gain of G11 in controller model is 3.55
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Fig.9 The input and output responses when there exist
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