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ABSTRACT

Controller design based on model predictive controller (MPC) is being widely
applied in industry and studied by academia during past few decades. In recent
years, with the wide application of networked control systems, bit-stream based
control design method is getting increasing attention from researchers. The
present study essentially focus on designing continuous time MPC and
implement them in bit-stream environment. This is called as bit-stream MPC.
The performance of bit-stream based MPC is investigated both via simulations
and experiments.

The study begins with a review of model predictive control in discrete time
domain and the bit-stream technique. To successfully implement bit-stream
controllers, several functions are initially implemented in MATLAB which can
convert the analog or multi-bit digital signals into single bit. Then the discrete
time MPC is adopted with bit-stream technique. Although the discrete time
MPC has been very popular amongst practitioners during the past few decades,
the controller still has some disadvantages such as choice of sampling time and
numerical sensitivities.

To overcome the limitations and difficulties associated with discrete time
controllers, continuous time approach to controller design was preferred.
Therefore, the next part of the research begins with designing controllers in

continuous time domain. Initially continuous time model predictive controller
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(CMPC) was designed for linear systems based on the state space model of the
system and then it is combined with bit-stream technique.

In practice most of the systems are nonlinear to some extent. Therefore the
next part of the study focuses on the design of CMPC for nonlinear systems
(NLCMPC) based on state space models of the system. And also bit-stream
technique is used on the NLCMPC.

The last phase of the research deals with hardware implementation of
bit-stream based CMPC using HILINK. An experimental prototype of DC
servo motor has been considered for such implementation. The performance of
bit-stream based linear CMPC has been implemented using HILINK and the
tracking performance of such controllers is investigated by considering

different types of references.
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Chapter 1

Introduction

1.1 Motivation

Model predictive control (MPC) has made a significant impact on industrial
process control systems since it was originated in the late seventies. It was
brought up to solve the existing problems of the traditionally used self-tuning
control such as lacking robustness [1, 2]. With over forty years’ development,
model predictive control gradually becomes the most important approach to the
advanced control of complex industrial processes [2, 3, 4]. Compare to the
traditional controllers such as the conventional PID controller, MPC has two
crucial advantages:

a) The working principle of MPC is easy to be understood. MPC works like
a human who predicts the future outcome and choose the suitable actions
at the present in order to obtain a satisfactory output over some horizon in
the future.

b) Although there are several types of MPC which fit to different kinds of
systems, the key characteristics of all of them are essentially similar. Thus
different kinds of plants could easily adopt MPC controller with little
modification from the basic formulation of MPC. This makes MPC a

much wider range of applications.
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However, traditional MPC is too complex to implement in real-time
embedded systems. Especially recent years, networked control systems are
widely applied in industrial field. In a networked control system there may be
very limited resources. In this situation bit-stream technique can be used to
design controller due to various advantages this offer.

It converts either analog or multi-bits digital signal into bit-stream (single-bit)
output through a Delta-Sigma (A-X) modulator. Bit-stream signal processing is
mainly proposed to reduce the silicon consumption and the physical areas for
routing bit-parallel signals in digital integrated circuits such as FPGA and VLSI.
Furthermore, bit-stream technique reduces the number of interface channels
between the subsystems from multiple to single channel, thereby consumes
significantly less hardware resources compared to traditional multibit
processing. In control and power electronics applications, a pulse width
modulator (PWM) is not needed anymore since the bit-stream signal is like a

fine-grained PWM and hence, it can derive DC-DC converters directly.

1.2 Objectives

Motivated by the success of model predictive controllers and the advantage of
bit-stream based technology, the research carried out in this study intends to
achieve the following objectives:

) Carry out a comprehensive review of model predictive control and

bit-stream based technology, apply both MPC and bit-stream based
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MPC on a specific system and compare the performance of
different controllers, discuss their stability and tracking ability.

i)  Investigate the performance of continuous time MPC for classic
nonlinear systems, apply the controller to specific system with A4~
bit-stream technology.

i)  Design continuous time model predictive controllers observers for
complex nonlinear systems and study the performance of
bit-stream based MPC.

Iv)  Implement the continuous time MPC to control a real DC motor
using a servo motor rig.

The organization of this thesis proceeds as follows: chapter 2 presents a
comprehensive review of model predictive control algorithms in discrete time,
apply MPC on specific system with bit-stream modulator and discuss their
performance. Chapter 3 studies the principles of linear continuous time MPC
and apply it with bit-stream modulator with simulation. In chapter 4, design
methods of linear continuous time MPC is extended for classic nonlinear
systems and a bit-stream modulator is used together with this controller to
Investigate the performance. In chapter 5, the continuous time model predictive
controller is realized in hardware with implementation on a servo DC motor rig.
Finally, the conclusions of the thesis and some possible directions for future

Investigation on this research area were presented in Chapter 6.



5390378 Bo Yu

Chapter 2

Bit-Stream Based Discrete Time MPC
Control

2.1 Introduction

Model Predictive Control (MPC) computes a trajectory of a future manipulated
variable u to optimize the future behavior of the system output y. It clearly
computes the predictive behavior over some horizon while most classical
control laws, e.g. PID, do not consider the future influences of current control
actions.

Before applying the bit-stream modulator to wider range, it should be
adopted on the discrete time MPC first in order to investigate its performance
step by step. This chapter comprehensively review the algorithm of model
predictive control from a single-input-single-output (SISO) simply system
extending to a multiple-input-multiple-output (MIMO) complex system. After
that, such controllers are applied on an isolated thermal system with simulation
to investigate the performance of both MPC and bit-stream based MPC.

In the meanwhile, bit-stream converter and inverter are developed in
MATLAB/Simulink in order to apply it on other types of systems conveniently.
And in the further simulation, such modulators are used directly as a blocked

model without building new models.



5390378 Bo Yu

2.2 Model P redictive Control

2.2.1 Control law design

Consider a system which admits a locally linear model:

A(z’l)y(t) = z’dB(z’l)u(t—1)+x(t) (2.1)
where A and B are polynomials in the backward shift operator

A(z‘l) =l+az +--+a, z " (2.2)

B(z')=by+bz +--+b 2™ (2.3)

d=dead time of the system
u(t)=control input
y(t)=output

X(t) is the noise or uncertainty in the model and can considered to be of the

form

e Caw .4

where &(t) is a random noise with zero mean which disturbs the system but it
Is not measurable. C is a known polynomial:
C(z')=1+czt+--4c 2™ (2.5)
Define A=1-z" then:
A(z*)ay(t)=2B(z")Au(t-1)+C(z)&(t) (2.6)
At each time t, MPC minimizes the following the cost function:

J(NL N, N,)=E[(Q+Q,)] 2.7)

N, 2

Q=3 s(I3(t+)-w(t+ )] . Qz=§ﬂ(i)[Au(t+J—1ﬂ

=Ny

-10-
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where N, = minimum costing horizon
N, = maximum costing horizon
N, =control horizon

o(j),A(j)=weighting sequences
w (t+ j) = future set-points presumed to be known

The first step to optimize the cost function is to get the optimal prediction of
y(t+]) whileN, < j<N,.
And
A(z1)Ay(t)=2"B(z*)Au(t-1)+C(z*)&(t) (2.8)
Thus
y(t)=zd%u(t—l)+%§(t) :>y(t+j)=%u(t+j—d—1)+%§(t+j) (2.9)

Then consider the immeasurab le part:

C
—<(t
s ()
Assume
F
%=Ej bl (2.10)
where E; () =¢,+ez " +......+ ¢,z
F; (z‘l): fo+fz +.. +f,z"
n, =max(n,—1n, - j)=max(n,,n, - j)
n, = maximum degree of AA=n, +1
n, = maximum degree of C
Thus we could get
2'E; ANy (t)=2'E;z "BAu(t—1)+2'E,C&(t) (2.11)

In the meanwhile,

E,AA=C-2"'F,

-11 -
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So

E,AAY(t+j)=E;BAu(t+j-d-1)+E,C&(t+])
= (C-z'F))y(t+j)=E;BAu(t+j-d-1)+E,C&(t+])
= Cy(t+])=E,BAu(t+j—d 1)+ F,y(t)+ECE(t+ ) (2.12)

= y(t+ j):é[EjBAu(t+j—d—1)+ ij(t)+EjC.§(t+j)]

Forc(z—l) =1, the equation becomes

y(t+j)=E;BAu(t+j—d-1)+Fy(t)+E&(t+])

_ _ (2.13)
=GAu(t+ j—d-1)+Fy(t)+E;&(t+])
The prediction equation would be
y(t+j)=E;BAu(t+j—d-1)+Fy(t) (2.14)

=G,Au(t+j—d-1)+Fy(t)

Where G, =EB=0;,+0;,2" +...t0;, 2 *, Ny =N, +j-1

Because the system dead time is d, then the output will be influenced by u(t)
after sampling period d+1. And to optimize the cost function, the set of control
signals u(?), u(tt1),..., u(t+N) needs to be obtained.

Now from the model of future output, the minimum value would be
j=N,=d+1,N,=d+NandN, =N, for j=d+I, d+2,..., d+N, the output
equations would be

y(t+d+1)=Gy,,Au(t)+Fy, ¥ (t)+ Eg.&(t+d +1)
y(t+d+2)=Gy,,Au(t+1)+F,,y(t)+Ey,E(t+d +2)
...... (2.15)

y(t+d+N)=Gy, Au(t+N-1)+F,, y(t)+Es & (t+d +N)

Analyze the different terms of y(t+j):

FoaY(t)= ( fo+ fiz i+ + 16, 2" )y(t) is dependent on the past values of y(t) = known

-12 -
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E,..£(t+d+1) is dependent on both past and future values of the noise & = unknown
Consider the term G,Au(t+ j—d -1). This term can be split into two parts, one is

dependent on the past values of u(t) (known) and the other is dependent on the
future values of u(t) (unknown).

For j=d+1:

G (z)Au(t+d +1-d-1)=G,, (z)Au(t)

= |:gd+l,0 + gd+l,lzil ot gd+1,ng z" }AU (t)

where n, =n, + j-1=n, +d

= 04,10AU () + 0y AU (T =1) +...o.+ Jguzn, AU (t - ng)
%/_J

Unknown at time t

known at time t

= w +[Gd+1(2’1)— gdﬂ,O] zAu(t-1)

Unknown at time t

known at time t

Note that g; =g, for j=0,12,.<i
Also we can get that for j=d+2 to j=d+N:

Gy.p (27)Au(t+d +2-d -1) = goAu(t+1)+g,Au(t)

Unknown at time t

+|:Gd+2 (271) ~O4420~ gd+2,1271:| z* Au (t _1)
known at time t
Gy.s (z’l)Au (t+d+3-d-1)=g,Au(t+2)+g,Au(t+1)+g,Au(t)
Unknown at time t
+|:Gd+3 (Z_l) ~ Y4430~ gd+3,1z_l - gd+3,22_2] z° Au (t _1)

known at time t

(CTN (z’l)Au(t+d +N—-d-1)=goAu(t+N —1)+g,Au(t+N —2)+...+ g, _,Au(t)

Unknown at time t

+|:Gd+N (Zil)_ 9ano~ gd+N,1271 T gd+N,N—1Z_(N_1):| 2" Au (t _1)

known at time t

Thus one of the three terms of y(t+)) is dependent on future control actions
yet to be determined, another is dependent on the past output values which is

known, the rest of them is dependent on future noise signals.

-13-
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In calculating predictions, the future noise sequences are ignored, thus for

j=d+2 to j=d+N:

(t+d+1)=G,,,Au(t)+F,,,y(t)

y
y(t+d+2)=Gy,,Au(t+1)+F,,y(t)
...... (2.16)
y(t+d+N)=Gy, Au(t+N-1)+F, y(t)
This can be written as:
Y=GU + ¥ (2.17)
unknown  known
where
[ g(t+d+1) ] oAu(t) ] [g 0 o 0]
y(t+d+2) Au(t+1) 9 9 0 - 0
Y = : , U= : ,G=| 0, g g - O
_9(t+d+N)J _Au(t+N_1)_ [Inas On2 0 o Qo
and
Y=[y(t+d+1) w(t+d+2) - - y(t+d+N)]" (2.18)
The components of vector ¥ are known at time t and are given as:
p(t+d+1) = [Gdﬂ(z’l)—gdﬂvo]zAu(t—l) +Fd+1(z’1)y(t)
W(t"‘d +2) = [sz (Zil)_ gd+2,0 - gd+2’1271} z° Au (t_1)+ Fd+2 (Zl)Y(t)
(2.19)

‘/’(t"'d + N) = [de (Zil)_ 9ain0 ™ gd+N,1zil T gd+N,N—1zi(Nil)]ZN Au (t _1)
+Fy (271 y(1)

LetW =[w(t+d+1) w(t+d+2) - -- w(t+d+N)]", the cost function can

be written as:

-14 -
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J=E{ (GU+P-W) (GU+¥-W)+U'U |

_gJUTGTGU+UTG Y -UTGW +¥TGU + ¥ (2.20)
~¥TW -WTGU ~W¥ +W'W + AUU

Now differentiating J with respect to input and equating it to zero:

a

T T
5 ~E{ (GU+¥-W) (GU+¥-W)+U'U |

__0|gJUTGGU+UTG Y -UTG W+ ¥TGU + T W
ou ~WTGU -W™¥ +W'W + AU U

=2G'G+G ¥-G'W+G ¥-G'W +24U (2.21)

=2G GU +2G ¥ -2G'W +24U =0
= U=(6'G+al) G (W-¥)
We know that the first element of U isAu(t)=u ¢ )-u { - 1).
Assume K is the first row of (GTG+M )_lGT then we could get the control law
of MPC.:
u(t)=u(t—1)+K(W - ) (2.22)
After that, assume a system has m-inputs, g-outputs and n;, states.
If there are more outputs than inputs, it may not be possible control each of the
outputs independently with no steady-state error. So the general condition is
g<m.

Now considering the effects of noise, represent the system as

{xm (k+1)= A,x, (k)+B,u(k)+B,a(k)

y()=Cox, (K) 223

where w(k) is the input disturbance and is assumed to be a seguence of

integrated white noise.

-15-
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Now
Ax, (k+1)= A A, (k)+B,Au(k)+B,e(k) (2.24)
where ¢(k)=w(k)-w(k-1)
Relate Ax,,(k) to the output y(k):
y(k+1)=C, A,Ax, (k)+C,B,Au(k)+C Bye(k)+y(k) (2.25)
Define a new vector as
x(k):[Axm(k)T y(k)}T, Dimension: (n, +q)x1=nx1 n=n+q
The dimensions of different matrix are
A, =nxn; By =nxm, C =qxn, X, =nx1 Au=mx1, y=qx1
Hence the augmented model becomes
x(k+1)=nx1 A=nxn x(k)=nx1 B=nxm B, =nxm
(ax, (k+1)] [ A, O, ][ax, (k)] [ B B
" = m " + 0 Au(k)+] L (k)
y(k+1) CoAr o || Y(K) C.B, C,B,
C=qgxn
3| ax, (k)
k)=|0O_ | " :
=Lo }{ y() } (226)
nx1
axn,
0 --- 0
where O, =|: . :|,n=n+q
0 --- 0

Also we could compute the predicted state variables using future control
parameters as:

x(k +1k )= Ax(k ) +BAu(k )+B,e(k;)
X(k +2[k; ) = Ax(k; +1]k; )+ BAu(k; +1)+ B, e (k +1k;)
= A’ (k; )+ ABAu(k )+ BAu(k +1)+ AB e (k )+ B,e(k +1k;)

-16 -
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X(k; +3]k; ) = Ax(k; + 2|k, )+ BAu(k; +2)+B,e(k; +2/k;)
= A’x(k; )+ A’BAu(k )+ ABAu(k; +1)+ BAu(k; + 2)+ A’B.&(k;)
+AB,z(k +1)k )+ B, &(k; +2/k)

With the assumption that ¢(k) is a zero mean white noise sequence, the

predicted values of g(ki+1|k;) at future sample is assumed to be zero. Hence the

noise effect to the predicted value is zero.

Now we can compute the predicted output values from predicted state variab les
as:
y(k +1k ) =CAx(k )+ CBAu(k)

y (ki +2[k; ) = Cx(k; +1]k; ) = CA*x (k; )+ CAB Au (k; )+ CB Au (k, +1)
y(k +3/k; ) =Cx(k; +2|k; ) = CA’(k; )+ CA’B Au (k; ) + CAB Au (k; +1)+ CBAu (k; +2)

y(ki - Np‘ki ) =CA"x(k;)+CA" "B Au(k )+CA" *BAu(k; +1)+...+ CA" "“BAu(k, + N, 1)

Thus we can write:

Y =Fx(k )+pAU

Npgxn N,gxNem
'CA (gxn)|  [CB(gxm) 0 0o . 0 ]
CA’ CAB CB 0o . 0
where F=| CA®* |;p=| CA’B CAB cB .. 0
- cA» | | cA%'B cAV’B cAVB ... CAV "B

Y =N,gx1 x=nx1, F=Ngxn, ¢=N,gxNm, AU =Nmx1

Then
AU =(p"p+Q) ¢ (Ror(k)-Fx(k))

=(¢'0+Q) ¢ Ror(k)-(0T0+Q) "o Fx(k)

-17 -

(2.27)
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Again, we could find the control law applying receding horizon principle
au(k)=1, 0, . . 0,]|(¢"0+Q)" [[¢"Rr(k)- 0 Fx(k)]
=K, r (k)= KppeX (k) (2.28)

mpc

With dimentions: Ky =mxd, KmpC =mxn, Au=mxl

2.2.3 Simulation Result

The block diagram of an isolated thermal power system is shown in figure 2.1
with the parameters in table 2.1.

Load disturbance

AR (s)
Governor Turbine Generator AFE (S)
AR (s() ) KG Kt Kp
Y 1+sT, | % 1+5T, 1+5sT, ]
U, (s) X,
1
Figure 2.1. Block diagram of an isolated thermal power system
Tp Kp TG KG Tt Kt R
20 120 0.08 0.6 0.3 1.0 2.4

Table 2.1. Parameters of an isolated thermal power system

Firstly find out the state equations describing the system:

K K K K
&:_ixﬁ‘_pxz__pAPd:_ixi+_pxz__pu2
Tp Tp Tp Tp TP TP
X, =——X, +—-X
AR (2.29)
)'( —_& _ix +ﬁu
: TgRX1 T, T,

Where u, =AP,,u, =AP,

-18 -
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Thus
% A R To
X, |=| O 3 _I_—t X, |+| 0 |u+| 0 |u, (2.30)
X, o] | K, 0
K 1 —
%0 - T,
i T,R Tg_ - - - -

Transfer it from continuous time to discrete time at a sample time 0.01s in

Matlab. We could get the discrete time system state equation:

0.9995 0.0590 0.0009 0
%, (k+1)=|-0.0008 0.9672 0.0808 |x, (k)+ 0.002 Ju(k) )
-0.0489 -0.0015 0.8825 0.1175 (231)

y(k)=[1 0 0], (k)
Set g,~=50, N;=10, N=2, than calculate the control law of the discrete system,

we could get:

K, =0.0024
Ko =[0.0024 0.0001 0 0.0024]

Thus we could simulate the close loop system and compare its step response to

the original system shown in figure 2.2:

¥(n)=Cx(n)+Du(n)
x{n+1)=Ax(n)+Bu(n)

Discrete State-Space

L[]

Reference

Discrete Cm
Transfer Fen

X s NS o 7 .E> : :
Cal BV I Result
m Delay

Kx Discrete
Transfer Fen1

Figure 2.2. Step response for MPC control system and the original system

The simulation results for steady state, which means we assume the load
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disturbance is 0, are shown in figure 2.3:

original
3 g'
O |||’\\_,
82
=
= |l
o 1
g1y
g |
] 01
0 5 10 15 20 25 30 35 40 45 50
MPC
o 1r
e
=
© 051
o J
o [
£ [
L Gl
0 5 10 15 20 25 30 35 40 45 50
time/s

Figure 2.3. System performance with noise

We could see that the system response could accurately track the reference

signal (input) after adopting MPC controller.

Then, add the load disturbance into the system to test if the system is stable in

steady state. Figure 2.4 shows the system responses in steady state while the

load disturbance changes.

load disturbance

0.02
=
=
9 0.01 /——‘
[}
=
(]
O 1 ] 1 )
0 5 10 15 20 25 30
original
Do g
(5]
= LA —— T
® 2L =
[44] "
g |
g 0 / s L i I i
0 5 10 15 20 25 30
L 15 ; : MED : :
2 1+ __—/\‘J\—— T i —
£ ——
T 05 / Y
é’ 0
E 05 4 I i I L
0 5 10 15 20 25 30
time/s

Figure 2.4. System response with load disturbance
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We could see that the system could rapidly get back to steady state with MPC

controller, thus it is robust.

2.3 Bit-Stream based discrete time MPC Control

2.3.1 The concept of Bit-Stream and A-X Modulator

Bit-stream based technique can convert either an analog or a multi-bits digital
signal into a single-bit output. Compared to traditional multi-bits processing,
bit-stream system use a single channel instead of multiple channel between
subsystems. Thus it consumes less hardware resources. [5]

The input analogue/multi-bits signal is encoded into a bit-stream signal by a
Delta-Sigma modulator at high sampling frequencies. Figure 2.5 shows the

model of a first order Delta-Sigma modular.

Quantizer
~ - 1 A~
e A€
S S S S )y
X 0
+Q,
y

Figure 2.5. A fist order Delta-Sigma modulator

2.3.2 Bit-Stream Stability analysis

Assume the closed loop system transfer function can be expressed as:
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- S

G(s) is the controller model of the system and G,(s) is the system plant model.
If the controller output stabilizes the system perfectly, then all the poles of
the transfer function H(s) should be negative and real. In order to convert the
control loop to a bit-stream based model, a Delta-Sigma modulator is adopted
to convert the error signal e into a switch signal €. The bit-stream based control

system is shown in figure 2.6.

Figure 2.6. Bit-stream based control system.

It is very important to investigate the stability of the bit-stream based control
system as the nonlinearity in Delta-Sigma modulator might affect the system
stability.

Firstly find out the coupling between the system and Delta-Sigma modulator:
1 =6,(5)6,(s) (2:33)

e=r—y (2.34)

(2.35)
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where the sign function is known as
g >
sgn(é):{_1 620 (2.36)

We could figure out that based on the contact between the system and
Delta-Sigma modulator, Q should be chosen after considering the whole
system.

Sliding mode analysis suggests a Lyapunov function:

V= %éz (2.37)

The derivative of the function would be:

€
=&(e—Qsgn(€))<0 (2:38)

From it we could find that the error e must be bounded by the Delta-Sigma
modulator output Q in order to ensure the existence of the sliding motion on
&=0,6=0. This could be written as:

lel, <Q (2.39)

Hence, V is negative always. From the point of view of sliding mode, the
Delta-Sigma modulator output which is a switched signal is identical to
modulator the input [6]. Assume the ideal sliding mode exists, then &=0,é=0
are forced to zero at an infinite sampling frequency, ensure that

e=6 (2.40)

However, the ideal sliding mode is impossible to achieve. Hence, we should
consider the real sliding mode at a finite sampling frequency instead of ideal

sliding mode assumption.
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From figure 2, we could define:
A&, =6.,—6 (2.41)
Thus the Lyapunov function of the discrete-time Delta-Sigma modulator is:
v-Ze (2.42)
One of the condition of stability requires the difference of the Lyapunov

function should meet;:

ek
=€&(e,—Qsgn(&))<0 (2.43)

=6 (61—6) <0
Furthermore, this equation can be written as:

{ékﬂ <& V& >0 (2.44)

€., >6 V€ <0

So & points toward zero each sampling time. Because of the imperfection

of the switch elements, the equation &€=0 is replaced by:
le . <2Q (2.45)
Considering the close loop transfer function of the system and the reference

signal r, Q is obtained as the follow equation [35]:

1
1+G Gp

c

Je.]<

Irll. <Q (2.46)

Where,

X (e*)

KEEN ‘dw)? @47)

This means that Q must be greater than the input of Delta-Sigma modulator

to keep the system stable.
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2.3.3 MATLAT toolbox for A-X Modulator

In order to widely apply the Delta-Sigma modulator on different types of
control methods and systems simulation, a MATLAT toolbox which includes a
BS-converter and a BS-inverter is developed.

a) BS-converter
Firstly, a block model of BS-converter is developed.
Below in figure 2.7 shows the block for the Delta-Sigma modulator, it converts

the input signal to a digital signal.

Ind Owrt] |

delta-sigma

Figure 2.7. A block model for Delta-Sigma modulator in MATLAB

The internal structure of the block is shown in figure 2.8.

1

Constant

e 2 e e e

In1 — out1
Delay Switch Q
A

Constant1

Figure 2.8. The internal structure of the BS-converter

where Q is the parameter of the modulator block.

Q must be greater than or equal to the modulator input to ensure the stability

of Delta-sigma modulator.
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b) BS-inverter
Then, it is necessary to check if the output signal represents the true input
signal. So a block model of BS-inverter is also developed. The digital signal
can be assumed as the input signal with high frequency noises, so the
BS-inverter is actually a low pass discrete filter. [7]

The inverter block is shown in figure 2.9 and its internal structure is shown

as figure 2.10.

Ind Ot [

BS-inverter

Figure 2.9. A block model for BS-inverter in MATLAB

Integer Delay
Figure 2.10. The internal structure of the BS-inverter

K is the parameter of the inverter and it is obtained from:

_ f)2xf,
1+ f,/2xf,

(2.48)
where f; is the sampling frequency and f. is the cutoff frequency.

Consider a sine wave input signal shown in figure 2.11 and check if the inverter
works. The simulation result is shown in figure 2.12. It is observed that

although some attenuation occurs because of the filter, it still restores the input

signal.
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= O
I-|_r| Joe ] I Ot —— e I Ot ] ————— i

Sine Wave Scope

delta-sigma BS-inverter

Figure 2.11. The simulation of the inverter in MATLAB

DA A NA N
J

VRVEVALVIRY

time(s)

NAITANI AN AR WANE

ws WA
VvV IVIV YV VIV

0 1 2 3 4 5 6 7 8 9 10
time(s)

y(®)
T
<

yINV(®)

Figure 2.12. Original input signal (top) and the output signal though BS-inverter

2.3.4 Bit-Stream Based discrete time MPC Control for Linear System

Considering the isolated thermal power system discussed in 2.2.3. The MPC
control law is not changed.

As mentioned in 2.3.2, in order to convert the control loop to a bit-stream
based model, a Delta-Sigma modulator is adopted to convert the error signal e

into a switch signal € which is shown in figure 2.13.
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+ In10ut1

Step

BSconverter

1

Discrete
Transfer Fcn2

Discrete
Transfer Fcn3

Cm1

Scope

Figure 2.13. Bit-stream based MPC control system.

Figure 2.14 shows the steady state and load disturbance response of the

bit-stream based MPC control system.

BSMPC without disturbance

temperature/°C
o =

Lo R R Al
\

o
=}
(S}

10 15 20 25 30
load disturbance

energy/kJ
(=}
o =

=k

-

temperature/°C
o
o o — (&)}
™

o

10 15 20 25 30
BSMPC with disturbance
./,\\ B ,\ .
» J AL S ==
|7 '&//
g

L/

10 15 20 25 30
time/s

Figure 2.14. Steady state and Load disturbance response of Bit-stream MPC control system.

We could see that the system keeps its stability and robustness after adopting

the Delta-Sigma modulator.

2.4 Summary

The model predictive controller in discrete time domain has several advantages

compared with conventional controllers. Also after adding Delta-Sigma

modulator the system performance remains the same.

However, comparing the system response of MPC and bit-stream based MPC
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in figure 2.15, we could find that the bit-stream based MPC has more ripples

thus has more noise than MPC.

MPC

1.02 T
g
) 1.01F
=
S 1 -
[}
g
pl 099 ‘/r'

0 98 A A‘ " ' A A A i A I

0 5 10 15 20 25 30 35 40 45 50
BSMPC

1.02 T
O
< 1.01¢
e
3 AAAAAAAAAAAAAAAS
) r VoV vV V \
2
3 0.99 /

098 I 1 'l A i ! I ' I

0 5 10 15 20 25 30 35 40 45 50

time/s
Figure 2.15. Ripples of MPC and Bit-stream MPC control system.

This phenomenon happens because bit-stream technology is more suitable
for continuous time system because the Delta-Sigma modulator contains a
switch with specific operating frequency and that would lead to some noise. In
discrete time system, if the switch frequency is different from the system
sampling frequency, the system would become unstable. Therefore, the switch
frequency of the modulator should be the same as the system sampling
frequency, in this case 100Hz, and thus lower frequency of switch operation
would lead to a higher noise.

The next chapter would investigate the performance of Delta-Sigma
modulator in continuous time domain which may reduce the ripples in a higher

frequency.
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Chapter 3

Bit-Stream based Continuous Time Model
Predictive Control for Linear System

3.1 Introduction

In chapter 2, the performance of MPC and bit-stream based MPC were
demonstrated on specific system. However, comparing with traditional MPC,
bit-stream based MPC has some flaws in controlling the discrete time systems
as the switching frequency should be the same as the system sampling
frequency.

The rest of the present study therefore focus on continuous time systems.
The research on continuous time MPC (CMPC) design is based on discrete
time approach and can overcome some of the disadvantages of discrete time
MPC. This control algorithm was proposed by Demircioglu et al. in 1991 [8].

This chapter firstly introduce the linear CMPC algorithm based on state
space model in section 3.2. Then a bit-stream based CMPC is brought up in this
condition. After all of this, both CMPC and bit-stream based CMPC are applied
on a specific system and simulations are obtained in order to investigate the

performance of these controllers.
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3.2 CMPC for linear system

3.2.1 Control Law

Consider a system which can be expressed as:
A(S)Y (s) =B(s)U(s) +C(s) X (5) 3.1)
where A(s), B(s) and C(s) are the polynomials in the Laplace operator s. Y(s),
U(s) and X(s) are the system output, control input and disturbance input.
Firstly we predict the future output in a time period of T in time domain:
J(t+T) (3.2

This predictor can be expressed by a Taylor series expansion, thus:

JE+T) =y + 30 (33)
where
_d0
yk (t) - dtk

and N, is the order of the predictor.
As discussed in [8], generally speaking, large future time T corresponding to a
high order of predictor N, in order to achieve a good prediction.

In Laplace domain, the kth derivative corresponds to orders of s. Thus the

system output in Laplace domain can be written as:

s“B(s) U(s)+ s“C(s)

Y. (S)=sY(s) = AS) AS)

X (s) (3.4)

where X(s) is the disturbance.
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Assume that the disturbance term can be decomposed as:

%: E, (s)+FAkT(:)) (3.5)
Then the output equation is derived as,
Y (s) =Y, (s)+E(s) (3.6)
where
v (5)=" AEE(?U( e (3.7)
and
E.(s)=EX(5) (3.8)
Substituting (3.1) and (3.5) into (3.7) we could get,
Y, (s) = Y (s) (3.9)

The term EB

IS not a proper transfer function fork>d, where d is the
relative order of the system. This term can be written as a strictly proper part

and a remainder polynomial.

EB G
(k: =?"+ H, (3.10)
So, (3.9) can be written as:
Y. (s)=HU (s)+%U (s)+%Y(s) (3.11)

realizable

The equation has both realizable and unrealizable part. We define the
realizable part as:
Y (s) = kU(S)+ kY(S) (3.12)
Thus,
Yo (8)=HU () +Y,(s) (3.13)
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In the time domain, (3.13) is expressed as:

Y, (©) =hu+y, (1) (3.14)
where hy is a row vector, it contains the coefficients of H, polynomial. The
elements of hy are the system Markov parameters.

u is a column vector which contains the derivatives of the input:
u=[u® vt - U] (3.15)
where

L du
dt’

As stated in [8], the prediction is established by the Taylor series expansion

of the system output. Thus we could express the T time predictor in matrix

form as:
y (t+T) =T, Hu+T, Y® (3.16)
where
2 N,
TN{” L }
y 2! N, !

v=lyo wo - o]
and H is the Markov parameter matrix of the polynomials H, which dimension
(N, +1)x(N, —d +1).

When d=1, H is written as:

0 o0 0 0
0 0 - 0
H=|h h 0o - 0 (3.17)
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The aim of CMPC is to control the predicted future output as close as
possible to the future set point. This means that the future set point has to be
known.

However, in many cases, the exact future set point is unknown. In that case,
we usually assume a constant set point w into the future. If we try to control the
predicted future to match this constant set point, the output would follow the
future set point very fast but also an overshoot may occur. To avoid the
overshoots, we could consider a smooth approximation from output to the

constant set point as shown in figure 3.1,

! Smooth Approximation

;// KFI’EdiGtEd Dutput
System Output
jll x‘}. ,..---"""’ 5"':”

Past | Future

Figure 3.1 the Smooth Approximation

The reference trajectory R(t, T) will be taken as the output of the rational
transfer function with numerator R,, and denominator R,4. And

R(t,s) = En 8 [w(®) - y©)] (3.18)

The Laplace operator s denotes the Laplace transform with respect to future

variable T. The Taylor series expansion of R,/Rqcan be expressed as:

y

0 ='rs (3.19)

H|o
n z
o

L

where r; is the Markov parameter of R,/Ry. Substituting (3.19) to (3.18) and
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taking the inverse Laplace transform, the smooth approximation of reference
trajectory in matrix form is:

R'(t+T)=T,w (3.20)
where

w=R[w(t) - y()]
R:[ro no-- rNy:|T

How to choose the reference trajectory, a constant future set point or a

(3.21)

smooth approximation, would depend on the requirement of the system. A
constant future set point would lead to a fast system respond with overshoot
and a smooth approximation would lead to a slow system response with no
overshoot.

In discrete time MPC, the other key parameter of the controller design is
control horizon N,. And In continuous time, it is called control order and is
defined by:

Fork>N, u"(t)=0

du(t)

where ul(t) =
® dt*

By introducing the control order, the dimension of vector u is reduced to
(N, +1)X1 and Markov parameter matrix is reduced to (N,+1)X(N,+1).

The control law is based on minimizing at the instant t a quadratic cost
function of the output tracking error and the control values. And in CMPC, the

cost function is defined as:
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[y TR E+T)] [y t+T)-R (t+T)]d
J= t+T)-R (t+T t+T)-R (t+T) |dT
by g (3.22)
TZ_Tl * *
+IO ut+T) Qu (t+T)dT
where T, is the minimum prediction horizon, T, is the maximum prediction
horizon, Q is the control weighting and the truncated Taylor series expansion

form of the predicted future input is:

u(t+T) =Ty u (3.23)

T2 T
TNuz{l T oo NUJ (3.24)
u=[u® e - u™] (3.25)

Thus we could minimization J to get a result:

u=K(w-Y° (3.26)
where
K=(HTH+QT,)"HT, (3.27)
T, = [ TI T, AT (3.28)
T=[""ToT, AT (3.29)

By taking the first row of K be k, the control law of CMPC is expressed as,
u(t) =k(w-Y? (3.30)
When the system is linear, the state space approach and transfer function
approach of design CMPC are almost the same. However, for nonlinear
systems, the design of CMPC needs to be done using state space approach.
Therefore, it is necessary to design linear system using state space approach for
the further use of nonlinear system design.

Consider a state space system with the form:
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{)‘(:Ax+ Bu (3.31)

y =Cx
where X, y, U are state variable, system output and system input (control input).
Because the disturbance doesn’t have an effect on the predictive output and
also for simplicity, the disturbance part is omitted.
The future development of a continuous signal can be obtained by taking
derivatives. Thus we could repeat differentiation of y and get:
Yy, ) =0y x(t)+Hy Uy, @ (3.32)
where N, is the order of highest derivative of output y
N, is the order of highest derivative of output u.
The output derivatives vector is written as
Y, ©=y y¥ ¥ - y[“”]T (3.33)
The input derivative vectors is written as
Uy, (t):[u gl u[Nu]]T (3.34)
0, is the extended observability matrix with (N, +1)xn dimension. n is the
dimension of system state variables.
O, =[C CA CA’ ... CAY] (3.35)

Hy, v, IS the Markov matrix:

0 0 0 0
CB 0 0 0

H, , =| CAB CB 0 0 (3.36)

cA™'B caAY?B cAvB ... cAV 7B

The predicted output Y(t) is defined as
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Yy, © =0y () +H, \ Uy, ©) (3.37)

The control weighting is set to zero because it is not considered as important

as prediction order and control order [9]. It is assumed that the reference

signal w(t,z) has a Taylor series expansion. We use 7 to indicate time, then the
reference signal can be expressed as:

w(t,7) =T ()W (t) (3.38)

where

r? TM
T(f){l o= }
2! Ny!

W (t) = Ryy (1) + R(w(t) - y(t))

The R term is a column vector containing the Markov parameters of a
reference dynamic system [8]. The first element of R, is 1 and rest are 0. For
simplicity, set R equals to R,.

Then

W (t) = R,w(t) (3.39)

Consider the following cost function:

J =j:[y*(t+f) —W*(t+r)]T [V (t+7)-W'(t+7)]de (3.40)

Parameterize the future time variable T into the scale « <(0,1), get

r=1,+a(r,—1,) (3.41)

Then substituting (3.37) and (3.39) into (3.40), we could write the cost

function as

-38-



5390378 Bo Yu

=[]0, x+H, Uy, W] T"@T@)[0, x+H, , U\, W ]da

. “ (3.42)
:[ONyx+ Hy Uy, —WJ f(Tl,TZ)[ONyX—l- Hy Uy, —w}
where
— 1
T(@n)=[ T @T()da
The elements of matrix T(z,,z,) canbe calculated from the equation
i+j-1 _ _i+j-1
-Fij (71,7,) = 2 1 (3.43)

T

then we can obtain the matrix T(z,z,).

Set the result of first derivative of the cost function to zero we could obtain

U, . The first element of U, is used as the control input.

Us, =[HI Tz Hu | [HL W T (m0m) W0, 20)  (3.49)
3.2.2 Simulation Result

Consider the isolated thermal power system discussed in 2.2.3. This time we
don’t need to transfer the system from continuous time to discrete time.

Thus, figure out the system function as

-0.05 6 0 0
L TR e
y(H)=[1 0 0Jx(t)
Then choose the parameters of MPC controller
N,=4,N,=17=0,7,=1
Therefore we could calculate the control law of the control input:
u(t)=K, [w(t)—Kyy(t)]—Kxx(t) (3.46)
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In this case

K, =[-0.4277 0.7126 -1.0511]
K, =1
K,, =0.4480

Then we could build the system model in MATLAB/Simulink in figure 3.2

and obtain the simulation results of the original system and the CMPC control

System.
o | ¥ =Ax+Bu
"l ¥ =Cx+Du
State- Space
|
> )—pb—b b—b 1 sl ':I:l
X : e
Step i B Integrator c respond
Kx

Figure 3.2.System model for the original plant system and the CMPC control system..

Figure 3.3 shows the simulation results.

Original

w
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Figure 3.3.System step response of the original plant system and the CMPC control system.

We could find out that the CMPC control system has a faster reaction and

also it tracks the reference signal with higher accuracy.
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3.3 Bit-Stream Based CMPC Control for Linear System

Considering the isolated thermal power system. The MPC control law is not
changed.

In order to convert the control loop to a bit-stream based model, a
Delta-Sigma modulator is adopted between the controller and the system to

reduce the communication channel which is shown in figure 3.4,

] ) wriow P D I S N[
B1

Step Kw1 Integrator1 c1 respond
BSconvertert

K*ull< A

Kx1

Figure 3.4. Bit-stream based CMPC control system.

Figure 3.5 shows the step response of the bit-stream based CMPC control

system.
Gy ' Onglmal '
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g |/
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Figure 3.5. Step response of the bit-stream based CMPC control system

Compare the results between the plant system, CMPC control system and

=41 -



5390378 Bo Yu

bit-stream based CMPC control system, we could find that the system keeps its

stability and performance after adopting the Delta-Sigma modulator and both
CMPC and bit-stream based CMPC improve the system’s reaction speed and

reference tracking ability.
3.4 Summary

Model predictive control in continuous time domain also has a wonderful
performance as in discrete time domain. Without the numerical sensitivity and

sample rate selection, it becomes even more powerful [8, 10].

Continous time MPC

1.02 =
o |
& 101F ‘ l
§ |
© 1 \ Dz |
() | /
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< 1.01 ‘ |
OL_J |
= | —
© 1 { / -
© ‘ \ /
g \
5 0.99 F { \

0.98 ! 1

0 1 2 3 4 5 6 7 8 9 10

time/s
Figure 3.6. Ripples of linear MPC and Bit-stream based linear MPC

Figure 3.6 shows the ripples of bit-stream based linear MPC compared to the
ordinary MPC. We could hardly find the difference between these two
controllers. This means that in continuous time domain, the performance of
bit-stream based MPC becomes better as the switch could work in high

frequency in order to reduce the noise.
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Chapter 4

Continuous Time Bit-Stream based Model
Predictive Control for Nonlinear System

4.1 Introduction

Model predictive control is now one of the most popular method in control
engineering. In chapter 3, Continuous time model predictive controller for
linear system was introduced and the simulation results shows that linear
CMPC has a good performance in control stability and reference tracking.

However, linear systems, in most instances, are simplified models in ideal
conditions of practice systems. Most of the systems in practice are nonlinear. In
this situation, the linear controllers are inadequate even for moderately
nonlinear processes [11]. Several results have been reported in recent past to
extend the linear MPC to nonlinear systems [12, 13, 14].

In this chapter, the nonlinear CMPC algorithm is introduced and applied on
two classic nonlinear systems. After that, Delta-Sigma modulators are adopted
to obtain a bit-stream based nonlinear MPC. Both nonlinear MPC and
nonlinear bit-stream based MPC are simulated to investigate the performance

of the controllers.
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4.2 CMPC for nonlinear system

4.2.1 Control Law

Consider a nonlinear system which is described by the state space model:

{":F(X'“) 4.2)

y=G(x)
and assume that the function F and G have N,th derivation. Following the
similar steps as the linear CMPC controller, we could express the output vector
Y as
Y (t)=0(x(t),U(t)) 4.2)
where O is output derivative vector and
Yy =[y yo oy oy
The predictor of the nonlinear CMPC is designed as an equation of a variable
time T into the future. By expanding time T using Taylor series to N,th order,

we could obtain

T(r){l r TZ_ZI TNNVJ (4.3)

Therefore the output at a future time r becomes
Y(z,t)=T (7)Y (t) (4.4)
After setting the initial time z, and final time z,, the time 7 is selected into the

scale 1¢(0,1) as
r=7,+Ar,-1,) (4.5)

Similarly as the CMPC, the reference trajectory approximation equation is
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given as
W (t) = Ryy(t) + R(W(t) — y(1)) (4.6)
Also
W () = Ryw(t) (4.7)
The optimization problem can now be considered as the minimization with
respect to U of the cost function J.
3= [yt -wO)T [y(t)-w(t)]dz
=[[[o(x().u®)-W] T @OT@[O(x(t).U(t)-W]d2  (4.8)
=[0(x(t).U (1))-W ] T(r,,)[O(x(t).U (t))-W ]
where
T(6.2)=[ T (@T(2)dA

The elements of the matrix T(z,,z,) is calculated by

T(mn) =g —1)!2(j—1)!1(i+ i-1) (4.9)

This optimization problem needs to be solved numerically for u(t) at each

time instant. This usually involves a computational delay and is a major issue in

implementation of the controller [15].

4.2.2 Simulation Result

a) Rossler System.
The performance of the nonlinear CMPC was simulated considering Rossler

system which is described by the equations [16]:
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X =X =X
X, = X, +ax, +U (4.10)
X; =D+ X X; —CX,

In this case a=0.2, b=0.2, c=5.7.

Because u is contained in x,, thus lety = x, .

{ﬁzzmaxﬁu (4.11)
Choose N,=2, 7;=0, 7,=1.
Then
O(x(t),U(t)):Y(t)z(ZeraXZJruJ (4.12)
W () = Ryw(t) =(W(()t)J (4.13)

Therefore we could express the cost function
3=[0(x(t).U (1))-W ] T(z.z,)[O(x(t),U (t))-W] (4.14)
And calculate the u(t) to minimize the cost function J.
The result is
u=1.5w(t) — x,(t) —1.7x,(t) (4.15)
After that we could build the system model in MATLAB/Simulink and get
the results of the simulation of both the original plant system and the system

with CMPC. Figure 4.1 shows the system models in Simulink.
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Figure 4.1. System models of Rossler system and CMPC system

Figure 4.2 shows the step response of the two system models.
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System response/V
g 3

3 1} L
[92]
c
o
a
go's—/
s |
L of
w
0 1 2 3 4 5 6 7 8 9 10

time/s
Figure 4.2. Step response of Rossler system and CMPC system

We could see from the figure that the original system step response goes to

infinity while the system with CMPC is tracking the reference signal well.
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b) Lorenz System

Then consider the Lorenz system which is described by the equations [17, 18]:

X, =—0oX +0X,
Xp = X =X, = XX (416)
Xy = XX, —bX; +U

In this case 6=10, r=28, b=8/3.

Because u is contained in x,, thus lety = x, .

b (@.17)
Y =X, = XX, —bX, +u

Choose N,=2, 7;=0, 7,=1.

Then

X

: J (4.18)

XX, —bx; +u

O(x(t) () ¥ ()=

W (t) = Row(t) = (Wét)j (4.19)

Therefore we could express the cost function
3=[0(x(t).U (1))-W ] T(z,z,)[O(x(t),U (t))-W] (4.20)
And calculate the u(t) to minimize the cost function J.
The result is
u=%w+x3—x1x2 (4.21)
After that we could build the system model in MATLAB/Simulink and get
the results of the simulation of both the original plant system and the system

with CMPC. Figure 4.3 shows the system models in Simulink.
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i

Figure 4.3. System models of Lorenz system and CMPC system

Figure 4.4 shows the step response of the two system models.
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Figure 4.4. Step response of Lorenz system and CMPC system

We could see from the figure that the original system step response cannot

follow the input signal while the system with CMPC is following the reference.
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4.3 Bit-Stream Based CMPC Control for Nonlinear System

Considering the Rossler system. The CMPC control law is not changed.
In order to convert the control system to a bit-stream based model,
Delta-Sigma modulators are adopted between the controller and the system to

reduce the communication channel which is shown in figure 4.5.

Out1In1

BSconverter

+:)—> In1 Outt

BSconverter 1

%ﬂ—-om In e =

gain2

gain3d

BSconverter2
Figure 4.5. Bit-stream based nonlinear CMPC control system for Rossler system

Figure 4.6 shows the step response of the bit-stream based nonlinear CMPC

control system.
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Figure 4.6. Step response of the bit-stream based CMPC control system for Rossler system

Then considering the Lorenz system. The CMPC control law is also not
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changed.

In order to convert the control system to a bit-stream based model,

Delta-Sigma modulators are adopted between the controller and the system to

reduce the communication channel which is shown in figure 4.7.

Figure 4.7. Bit-stream based nonlinear CM PC control system for Lorenz system

Figure 4.8 shows the step response of the bit-stream based nonlinear CMPC

control system.
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Figure 4.8. Step response of the bit-stream based CM PC control system for Lorenz system

Compare the results between the plant systems, nonlinear CMPC control

systems and bit-stream based nonlinear CMPC control systems, we could find

that the system keeps its stability and performance after adopting the
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Delta-Sigma modulator and both CMPC and bit-stream based CMPC improve

the system’s reference tracking performance.

4.4 Summary

A state space formulation of nonlinear continuous time MPC has been
presented and apply on two classic nonlinear systems, Rossler system and
Lorenz system. The simulation results are satisfying. It shows the stability and
tracking ability both of MPC and bit-stream based MPC.

The bit-stream based CMPC is also powerful while controlling the nonlinear
system as the high frequency of switch would reduce the output noise. In the
next chapter, the bit-stream CMPC would be implemented on a DC servo motor

via HILINK board to investigate its performance.
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Chapter 5

Hardware Implementation

5.1 Introduction

The performance of bit-stream based discrete and continuous time model
predictive controllers have been shown in chapter 2, 3 and 4 using simulations
based on Matlab toolkit.

Today, with the fast development of computers, most modern advanced
control systems are implemented digitally and controlled by computers, for
example, the HILINK platform. The HILINK platform offers a seamless
interface between physical plants and Matlab/Simulink for implementation of
hardware-in-the-loop real-time control systems. It is fully integrated into
Matlab/Simulink and has a broad range of inputs and outputs. It allows quick
test and iteration of control strategies in real-time with a real plant in the loop.
The HILINK platform is a complete and low-cost real-time control system
development package and it can be applied for both educational and industrial
control systems.

This chapter is organized as follows: the hardware imp lementation strategy is
introduced in the section 5.2 with brief description of the function of the
HILINK platform and its realization via Matlab. Section 5.3 gives the model of

the DC servo motor and theoretically controls the motor using bit-stream based
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MPC. The results of the implementation are included in section 5.4 with

summary in section 5.5.

5.2 Hardware Implementation Strategy

i it o= O
O

|
nnt mt'wn'w { LACH

-

Figure 5.1. The HILINK control board.

The HILINK platform consists of the real-time control board (hardware) and
the associated Matlab interface (software). The hardware of the HILINK
platform has 8 x 12 bit analog inputs, 2 x 16 bit capture inputs, 2 x 16 bit
encoder inputs, 1 x 8 bit digital input, 2 x 12 bit analog outputs, 2 x 16 bit
frequency outputs, 2 x 16 bit pulse outputs and 1 x 8 bit digital output. The
board also contains two H-bridges with 5 A capability to drive external heavy
loads. Some inputs and outputs are multiplexed to simplify the hardware. The
board is interfaced to the host computer that runs Matlab through a serial port.
The software of the HILINK platform is fully integrated into

-54 -



5390378 Bo Yu

Matlab/Simulink/Real-Time Windows Target and comes with Simulink library
blocks associated with each hardware input and output. The library contains
Analog Input Block, Capture Input Block, Encoder Input Block, Digital Input
Block, Analog Output Block, Frequency Output Block, Digital Output Block
and Pulse Output Block. The platform achieves real-time operation with
sampling rates up to 3.8 kHz.

The hardware implementation uses the HILINK control board to control a
DC servo motor via Matlab/Simulink.

RS 232 serial DC servo Quadrature

communication al Ty -— Power supply
oD f »\:a: - = €D

HILINK control [
board

Aluminium
flywheel

Figure 5.2. DC servo motor platform

The DC servo motor receives up to 12V from the power supply, and is
capable of rotating in both directions at a maximum speed of approximately
515 rad/s. A marker point on the flywheel can be used to visually determine the
angular position. MATLAB and Simulink will enable the system to be
controlled in real-time. Simulink Real-Time Windows Target will be used to

compile Simulink blocks into real-time code and communicate with the
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HILINK control board. Special input/output blocks are used to communicate
between the Simulink blocks and the hardware (green colored blocks in Figure
5.3). A low-pass filter has also been applied to the speed measurement output
(block C1). This is because the unfiltered shaft speed is measured at revolutions

per sample time, which is too coarse for some speed settings.

Radians position (deg)

to Degrees
.

To Workspace

- shaft position =t® q
Vm HILINK position (rad)

Voltage command

Saturate to 1Vs HILINK Encoder Input
+-12V Pulse output
Goto -JEL_>I>. ! shaft speed (racs
0.055+1 speed (rad/s)

Filter

unfiltered shaft speed
(Hz)

Figure 5.3 HILINK input/output Simulink blocks.

5.3 Theoretical Control Simulation

The speed response model of the DC servo motor is shown below as a

first-order linear transfer function.

Y M
()= U(s) 0.2s+1 (1)

In this implementation, a bit-stream based MPC would be designed to
control the position of the DC servo motor. Thus, the system model would be

extended to:

- (5.2)

Y(s 4 1 41
G(S): ( ) = — = >
U(s) 0.2s+1 s 0.2s°+s

which indicates the position response.
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Firstly, transform the transfer function to a state space function.

Because:
G(s) =) _YO) 25 _,y 1 (5.3)
u(s) Z(s) U(s) 0.25° +s
Thus
Y (s) =41Z(s) (5.4)
U(s) = (0.2s> +5)Z(s) '
Make Inverse Laplace Transform,
y =41z
{u =0.27+1 (5:5)
Assume
X, =12
hTemE (5.6)
X, =Z =5uU—-57 =-5xX, +5U
y=41z =41x,

So we could get the system state space function:

IR,

y=[41 o]{ﬂ

2

Therefore, we could calculate the control law of CMPC of the system:

k, =0.0198
k,=[0 0.4522] (5.8)
k, =1
_ X
u _kw[w—kyy]+k{X } (5.9)

However, we can’t get the state variable X in hardware implementation.

Note that
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K, D } — 0.4522x, = 0.4522% =0.0110-(41% ) =0.0110y  (5.10)
2

And because y indicates the position of the DC motor and thus y indicates
the speed of the DC motor.
And finally after getting the control law of CMPC, we could get the

bit-stream based CMPC of the DC servo motor:

41 1

L

,l:z_ In10ut1

BScomverter

Ramp

0.2s+1
Transfer Fen1

5

Integrator

:
=

result

4 — | Outtint g

BScomverter

Figure 5.4 Simulation of Bit-stream based CMPC of DC servo motor

Figure 5.5 shows the result of the simulation and the position is following

the reference and we can also see the change of the speed.
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Figure 5.5 Simulation result of DC motor control
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5.4 Implementation Results

After successfully controlling the DC servo motor in Simulink, next the
bit-stream based CMPC is implemented considering the DC servo motor
system.

The close-loop system is shown in figure 5.6 and the block Servo Motor

System has already been shown in figure 5.3.

Actual position (rad)
skl G = Position (rad)
- Desired posttion (rad)
@ E mor (rad)
Voltags Vbltage (voits)
Result Scope
BScorwverter

Figure 5.6 the real-time target control for DC motor

For the hardware implementation, several different kinds of references have
been used to examine the performance of the bit-stream based CMPC.

Figure 5.7 shows the step response of the system.

Figure 5.7 Step reference witch X-axis defined by time (S)

The green line indicates the reference and we could see that with the
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reference changing, the position output follows the reference.

Figure 5.8 Ramp reference witch X-axis defined by time (S)

Figure 5.8 shows the result of the position output while adopting a ramp
reference. We could see that the output follows the reference with a small time

delay.

Figure 5.9 Sine wave reference witch X-axis defined by time (S)

Figure 5.9 shows the position output while using a sine wave reference. We
could see that there is also a time delay occurring. And the output still follow

the reference with a constant time delay.
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5.5 Summary

The performance of the linear bit-stream based continuous time model
predictive controller was demonstrated by controlling a real physical plant. The
physical plant consists of a DC servo motor and a HILINK control board.

The system is to drive the motor under 12 voltage and control its position to
follow the given reference. In the hardware implementation, the system cannot
ideally have no noise as the simulation in Matlab. Thus a low pass filter is
adopted to reduce the ripples of the speed output.

However, because of the switch in the bit-stream modulator, the output
would inevitably have some ripples. But this noise has a much smaller
influence on the position than on the speed and that’s the reason we chose to
control the position output of the DC servo motor.

With different kinds of reference, the performance of bit-stream based
CMPC is commendable. While tracking a dynamic reference, how to further

reduce the delay of the system output worth a deep study.
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Chapter 6

Conclusions

Model predictive control has made a significant impact on industrial process
control systems since it was originated in the late seventies. It was brought up
to solve the existing problems of the traditionally used self-tuning control such
as lacking robustness. With over forty years’ development, Model predictive
control gradually becomes the most important approach to the advanced control
of complex industrial processes.

However, traditional MPC is too complex to be implemented in real-time
embedded systems. Especially recent years, networked control systems are
widely applied in industrial field. In a networked control system there may be
very limited resources, in this situation bit-stream technique is put forward. It
converts either analog or multi-bits digital signal into bit-stream (single-bit)
output through a Delta-Sigma (A-X) modulator. Bit-stream signal processing is
mainly proposed to reduce the silicon consumption and the physical areas for
routing bit-parallel signals in digital integrated circuits such as FPFGA and VLSI.
Furthermore, bit-stream technique reduces the number of interface channels
between the subsystems from multiple to single channel, thereby consumes
significantly less hardware resources compared to traditional multi-bit
processing. In control and power electronics applications, a pulse width

modulator (PWM) is not needed anymore since the bit-stream signal is like a
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fine-grained PWM and hence, it can derive DC-DC converters directly.

The study begins with a review of model predictive control in discrete time
domain and the bit-stream technique. For further use of bit-stream technique,
several toolboxes are developed in Simulink of Matlab. Then the discrete time
MPC is adopted with bit-stream technique. The model predictive controller in
discrete time domain has several advantages compared with conventional
controllers. Also after adding Delta-Sigma modulator the system performance
almost doesn’t change. We still could find that the bit-stream based MPC has
more ripples thus has more noise than MPC. This phenomenon happens
because the Delta-Sigma modulator contains a switch with specific operating
frequency and that would lead to some noise. In discrete time system, if the
switch frequency is different from the system sampling frequency, the system
would become unstable. Therefore, the switch frequency of the modulator
should be the same as the system sampling frequency, in this case 100Hz, and
thus lower frequency of switch operation would lead to a higher noise.

To overcome the limitations and difficulties associated with discrete time
controllers, continuous time approach to controller design was preferred.
Therefore the next part of the research begins with designing controllers using
continuous time domain. Initially continuous time model predictive controller
(CMPC) was designed for linear systems based on the state space model of the

system and combined with bit-stream technique. In continuous time domain,
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the performance of bit-stream based MPC becomes better as the switch could
work in high frequency in order to reduce the noise.

In practice most of the systems are nonlinear to some extent. Therefore the
study then focuses on the design of CMPC for nonlinear systems based on state
space models of the system. And also bit-stream technique is used on the
NLCMPC. The bit-stream based CMPC still has a good performance while
controlling the nonlinear system as the switch could work in a high frequency
to reduce the output ripple.

The last phase of the research deals with hardware implementation of
bit-stream based CMPC using HILINK. The HILINK platform offers a
seamless interface between physical plants and Matlab/Simulink for
implementation of hardware-in-the-loop real-time control systems. It is fully
integrated into Matlab/Simulink and has a broad range of inputs and outputs. It
allows quick test and iteration of control strategies in real-time with a real plant
in the loop. A DC servo motor has been considered for such implementation.
Because of the switch in bit-stream modulator, the output speed is more
sensitive with this noise, in this case the position is chosen to be controlled.
With different kinds of reference, the performance of bit-stream based CMPC is
commendable. While tracking a dynamic reference, how to further reduce the

delay of the system output worth a further research.
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