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Abstract

This paper is concerned with a fault-tolerant control with guaranteed H1 performance for nuclear

steam generator. The fault-tolerant control having passive redundant structure guarantees both stability

and faults of controllers and sensors. The systematic design method is drawn in terms of Linear Matrix

Inequalities (LMIs). Also the su�cient condition of fault-tolerant control is provided. The computer

simulation demonstrates the fault-tolerant control woks well under failure of controllers and in view of

the performance it is superior to conventional PID controller.

I. Introduction

Traditionally there have been two approaches for dealing with increasing reliability of controlled sys-

tems. The �rst method is active redundancy, which relies on the process of fault detection, isolation, and

recon�guration to detect the presence of failures, to isolate them to a particular component, and then to

recon�gure the system to restore acceptable operation [1], [2], and [3]. The second method, passive redun-

dancy, accounts on the notion of fault masking, through clever design of the control law and the control

con�guration faults are naturally accommodated, loosely de�ned as minimizing the impact of faults on

system performance, without recourse to external logic system. In work of [4], it gives a synthesis for

a pair of controllers such that their sum stabilizes the plant and each of them also stabilizes the plant

where the other one is fail. The design of fault-tolerant H1 control systems using observer-based output

feedback were introduced in [5] and [6], provided that failure of sensor and actuator occur only within

a prescribed subset of control components. [5] and [6] show a control synthesis for nominal systems and

uncertain systems, respectively.

In this paper based on the passive redundant structure, we will try to develop the fault-tolerant

control system with disturbance attenuation . Considering faults of controllers and sensors as system

disturbances, The fault-tolerant control problem can be converted into the H1 norm bounding control
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Fig. 1. Structure of faut-tolerant control.

problem, which is to determine the controller that stabilizes the closed-loop system, while bounding the

H1 norm of the transfer function from the disturbance input to the regulated output by a given bound .

Faults considered in this analysis includes not only hardware problems such as sticky actuators, controller

faults and biased sensors, but also the system disturbance, the sensor noise, and the system parameter

variations. However in nuclear steam generator water level control, fault-tolerant components of interest

are controllers and sensors instead of an actuator, because the strategy of duplicating an actuator to

increase reliability of the system, is unrealistic in light of cost-bene�t e�ect. The con�guration of the

passive redundant control system, with no recon�guration mechanism, consists of single actuator and

identical controllers and sensors, shown in Fig. 1. This is motivated by the common practice in nuclear

power plant to improve reliability of instrument and control system using identical sensors and controllers.

II. Fault-Tolerant Control

Consider the fault-tolerant control system shown in Fig. 1. Plant is described as a linear time-invariant

systems described by state-space equations

_x = Ax+B1! +B2u

z = C1x (1)

y = C2x

where x 2 Rn is the state, u 2 Rq is the control input, w 2 Rm is the disturbance input which belongs

to L2[0;1), z 2 Rl is the controlled output, y 2 Rr is the measured output, and A;B1; and C1; are of

appropriates dimensions. It is assumed that the pair (A;B2) and (A;C2) are stabilizable and detectable,

respectively.
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De�nition 1. Fault-tolerant

The controlled system depicted in Fig. 1 is said to be fault-tolerant if the following conditions are satis�ed

1) when both controllers operate simultaneously, the controlled system is stable, 2) when only one of

controllers is in operation, the controlled system is stable, and 3) the controlled system has H1 norm

from the disturbance input to the controlled output less than the positive, .

That is, in the normal mode, both identical controllers C1 and C2 are operational and then the closed-

loop system is stable. If either controller is fail, it is still stable, even the performance of the closed-loop

system might be e�ected adversely.

III. Fault-Tolerant State-Feedback Control

Consider where both C1 and C2 are equivalent state feedback controller, K, respectively, and they are

in operation. Then, the total control input, u, is

u1 = K;

u2 = K;

u = u1 + u2

= 2Kx:

(2)

Then the closed-loop system can be written as

_x = Ax+B1! + 2B2Ku

= (A+ 2BK)x+ [B1 0]

2
4 !

u0

3
5

z = C1x

y = C2x:

(3)

where u0 is considered as pseudo-disturbance input signal.

Next where either controller is in operation and the other is in fault. It is assumed that faulty controller

gives the output u0 irrespective of controller input and it belongs to L2[0;1). Here we assume that the

intact controller is C1 and the faulty C2. That is, the total control input, u, is

u = u1 + u2

= u1 + u0:
(4)
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Then the closed-loop system can be described as

_x = Ax+B1! +B2u

= Ax+B1! +B2(u1 + u0)

= Ax+ [B1 B2]

2
4 !

u0

3
5+B2u1

z = C1x

y = C2x:

(5)

The fault-tolerant control satis�es both (3) and (5) at the same time. These conditions are equivalent to

H1 control for uncertain linear time-varying systems with state-space matrices varying in a polytope:

_x = Ax+ ~B1! + ~B2u

z = C1x

y = C2x:

(6)

where

( ~B1
~B2) 2 Co f(B1k B2k) : k = 1; 2g

B11 = [B1 B2]; B12 = [B1 0]; B21 = B2; B22 = 2B2:

Therefore, the problem of �nding state feedback controller, K, can be converted into seeking a single

quadratic Lyapunov function that enforces the design objectives for all systems in the polytope leads to

the following LMIs:

2
664
AX1 +B21L+X1A

T + LTBT

21
B11 X1C

T

1

BT

11
�I 0

C1X1 0 �2I

3
775 < 0 (7)

2
664
AX2 +B22L+X2A

T + LTBT

22
B11 X2C

T

1

BT

11
�I 0

C1X2 0 �2I

3
775 < 0 (8)

2
664
AX3 +B21L+X3A

T + LTBT

21
B12 X3C

T

1

BT

12
�I 0

C1X3 0 �2I

3
775 < 0 (9)
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2
664
AX4 +B22L+X4A

T + LTBT

22
B12 X4C

T

1

BT

12
�I 0

C1X4 0 �2I

3
775 < 0: (10)

Theorem 1. The closed-loop system (1) under state-feedback control u1 = Kx, u2 = Kx is fault-tolerant

with disturbance attenuation  if there exists a solution of LMIs (7) � (10) with a common Lyapunov

function, X > 0. The corresponding state-feedback gain is give by

K = LX�1

proof : Let a single Lyapunov function X := X1 = X2 =X3 = X4 > 0 these conditions of (7) � (10)

are jointly convex in K and X, but by a simple change of variable, L = KX, we can obtain an quadratic

stabilizability with disturbance attenuation . Using the realization

Acl1 = A+B21K; Bcl1 = B11; Ccl1 = C1;

Acl2 = A+B22K; Bcl2 = B11; Ccl2 = C1;

Acl3 = A+B21K; Bcl3 = B12; Ccl3 = C1;

Acl4 = A+B22K; Bcl4 = B12; Ccl4 = C1

(11)

for the closed-loop system. We can easily obtain the following the H1 constraints which is equivalent the

existence of a solution X > 0 to the LMIs known as the Bounded Real Lemma

2
664
AcliX +XAT

cli
Bcli XCT

cli

BT

cli
�I 0

CcliX 0 �2I

3
775 < 0; i = 1; : : : ; 4: (12)

IV. Fault-Tolerant Output-Feedback Control

Our goal can be stated as �nding output-feedback controllers, C1; C2 such that the energy of the

controlled output z is bounded by some prescribed number  for any input ! under the condition that

both controllers are in operation or either controller is in operation while the other in failure. Consider

where both C1 and C2 are equivalent output feedback controllers.
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First consider where both controllers, C1 and C2 are in operation. Then total control input, u, is

u = u1 + u2

= 2u1

= 2u2:

(13)

Then the closed-loop system can be written as

_x = Ax+B1! +B2u

= Ax+B1! + 2B2u1

= Ax+ [B1 0]

2
4 !

u0

3
5+ 2B2u1

z = C1x

y = C2x:

(14)

where u0 is considered as pseudo-disturbance input signal.

Next where either controller is in operation and the other is in failure. In the same way, it is assumed

that faulty controller gives the output u0 irrespective of the input of controller and it belongs to L2[0;1).

Here we assume that the intact controller is C1 and the faulty C2. That is, the total control input, u, is

u = u1 + u2

= u1 + u0:
(15)

Then the closed-loop system can be described as

_x = Ax+B1! +B2u

= Ax+B1! +B2(u1 + u0)

= Ax+ [B1 B2]

2
4 !

u0

3
5+B2u1

z = C1x

y = C2x:

(16)

The fault-tolerant control in the sense of H1-norm is converted into H1 output-feedback control that

simultaneously stabilizes two systems, (14), (16) and satis�es the H1 norm from the system disturbance

to the controlled output signal. This is equivalent to H1 output-feedback control for uncertain linear
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time invariant systems.

_x = Ax+ [ ~B1 �B1]

2
4 !

u0

3
5+ [ ~B2 �B2]u

z = C1x

y = C2x:

(17)

where,

~B1 =
h
B1

1

2
B2

i
; ~B2 =

3

2
B2:

The uncertainties will be assumed in the form

h
�B1 �B2

i
= HF (t)

h
E1 E2

i
:

where F (t) 2 Ri�j is an unknown matrix satisfying F (t)TF (t) � I and H;E1; E2 are known matrices of

appropriate dimensions. In this analysis, H = B2, F (t) = I, E1 = [0 1

2
I], and E2 =

1

2
I.

We now introduce the system below that will allow us to establish the equivalence between robust H1

systems and uncertainty free control systems in the sense of H1-norm.

_x = Ax+ [ ~B1 �H]

2
664

!

u0

~!

3
775+ ~B2u

2
4 z

~z

3
5 =

2
4 C1

0

3
5x+

2
4 0 0

1

�
E1 0

3
5

2
664

!

u0

~!

3
775+

2
4 0

1

�
E2

3
5u

y = C2x:

(18)

with u the control input, [!; u0; ~!]T the exogenous input, y measured output and [z; ~z]T regulated

output.

Theorem 2. There exists fault-tolerant controller with  disturbance attenuation for the system (1) of

structure is shown in Fig.1, if there exists a � > 0 such that the systems (18) can be stabilized with its

H1 norm less than  by an output feedback control.

proof : In the sense of H1-norm the system (18) is equivalent to uncertain LTI system (17) of which

uncertainties are introduced to present fault-tolerant conditions, shown in [7]. If the output feedback

controller u = Ky satis�es H1 norm performance of (18), it achieves fault-tolerant conditions for original

system (1).
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V. Simulations

This section shows the application of the fault-tolerant synthesis technique to the control of the nuclear

steam generator of Irving's steam generator model [8] at 100% power level. The fault-tolerant control sys-

tem has passive redundant structure consisting of dual controllers, sensors and feedforward compensator.

The input of controller is only the deviation from the prescribed water level. The feedforwad compensator

is involved, of which input is the deviation from nominal steam ow rate, to improve performance of the

controlled system.

The fault-tolerant controller, K(s), is obtained as

K(s) =
�12:55s4 � 16:94s3 � 84:21s2 � 51:63s � 11:3

1:� 10�4s5 + 0:05s4 + 1:6s3 + 2:22s2 + 1:1s+ 1:75

The controller C1 is fail-zero at 110sec, shown in Fig. 2, the intact controller C2 works properly, resulting

that the water level goes to stable level after 200sec. Fig. 3 illustrates the responses of the steam generator

in case of controller C1 fail-low. When it fails low, the controller C1 compensates the fault signal so the

water level settles down at about 200mm. That is, fault-tolerant controller prevents the plant from

tripping. Fig. 4 shows that the controller C1 fails at 100sec, the controller C2 properly controls water

level, resulting in no reactor trip. Where the fault controller channel is defeated at 200sec, the �nal

water level goes to normal state. The feedforward compensator under fail-low situation is simulated,

as other situations, dual controllers compensate the fault signal of feedforward, resulting the controlled

system become stable with about 200mm level deviation, shown in Fig. 5. Finally, Fig. 6 shows the

performance test of both the proposed controller and PID controller under without faults. It is showm

that the proposed fault-tolerant controller has fast responses that the PID controller does.

VI. Conclusions

In this paper it has been described that the fault-tolerant control design methodologies to guarantee

both stability and H1 disturbance attenuation, not only when the system is operating properly, but

also when the system fails. The designs are implemented by including additional disturbance inputs and

regulated outputs to present possible controller faults in the nominal plant, and then by applying the

H1 control theory for the augmented system. Also the existence conditions in terms of LMIs for this

augmented system are derived for state-feedback and output-feedback control. The performance of the

proposed controller is tested with Irving's steam generator model. The simulations show that the fault-

tolerant controller has proven to be robust whether the controller fail or not. Moreover, in comparison

to the conventional PID controller, it performs even better with respect to step response.
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Fig. 2. Responses of fault-tolerant controller at 100% power in case of controller C2 fail-zero: ow deviation (a), water

level (b), controller C1 output (c), controller C2 output (d), feedforward compensator output (e) and total controller

output (f).
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Fig. 3. Responses of fault-tolerant controller at 100% power in case of controller C2 fail-low: ow deviation (a), water level

(b), controller C1 output (c), controller C2 output (d), feedforward compensator output (e) and total controller output

(f).
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Fig. 4. Responses of fault-tolerant controller at 100% power in case of controller C2 fails at 100sec and defeated at 200sec :

ow deviation (a), water level (b), controller C1 output (c), controller C2 output (d), feedforward compensator output

(e) and total controller output (f).
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Fig. 5. Responses of fault-tolerant controller at 100% power in case of feedforward compensator fail-low: ow deviation

(a), water level (b), controller C1 output (c), controller C2 output (d), feedforward compensator output (e) and total

controller output (f).
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Fig. 6. Responses of fault-tolerant controller({) and PID (-�) at 100% power: ow deviation (a), water level (b), feedforward

ow rate (c), total ow rate (d).
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