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The robust controller synthesis and analysis of the water level process in the U-tube system generator
(UTSG) is addressed in this paper. The parameter uncertainties of the steam generator (SG) are modeled
as multiplicative perturbations which are normalized by designing suitable weighting functions. The
relative errors of the nominal SG model with respect to the other operating power level models are
employed to specify the weighting functions for normalizing the plant uncertainties. Then, a robust
controller is designed based on u-synthesis and D-K iteration, and its stability robustness is verified over
the whole range of power operations. A gain-scheduled controller with H,, -synthesis is also designed to
compare its robustness with the proposed controller. The stability analysis is accomplished and
compared with the previous QFT design. The u—analysis of the system shows that the proposed
controller has a favorable stability robustness for the whole range of operating power conditions. The
proposed controller response is simulated against the power level deviation in start-up and shutdown
stages and compared with the other concerning controllers.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Creating the steam to drive the turbine in nuclear plants are the
important function of the steam generators (SG). Water level con-
trol has a critical role in the SG for preventing some specific
problems such as overflowing of the steam equipment when the
water level is too high, and declining the recirculation efficacy in
the case of low water level. The system parameter variations and its
non-linearity are caused that the SG to be a time varying system
and highly complex. The control problem of the water level in the
SG is known as a main contributor to plant unavailability [1—3].

Several researchers have been assayed to develop an effective
controller for the SG water level system, and numerous encouraged
controllers have been introduced. A linear model with varying
parameter is presented by Ref. [1], to describe the dynamics of the
SG over the whole power level range. This model has been mostly
utilized for water-level control synthesis in the SGs. It is employed
for designing a PI-like controller to stabilize the water level system
in the case of low power level by Ref. [4]. It is also used to design a
Pl-based compensator to counteract the reverse response of the SG
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in Ref. [5]. A model predictive control (MPC) technique is addresses
in Ref. [6] by defining the objective functions to penalize the sup-
plying water flowrate deviations, the restrictions on the water level
magnitude, and the output error. It indicates that the MPC perfor-
mance can be enhanced considerably if the power changes are
known. In Ref. [7], a generalized predictive control is proposed to
encounter with the model perturbations by using parameter esti-
mation in a recursive algorithm manner. The same objective is
achieved in Ref. [8], where the linear matrix inequality is used to
solve an online optimization problem. For overcoming the non-
minimum phase phenomenon of the SG model, a dynamical
sliding mode scheme (DSMC) is suggested in Ref. [9] to design a
pole-placement controller. Its pole placement approach is used
based on the assumption that all system states are available. In Ref.
[10], the internal model control (IMC) scheme is used to design a
controller in the feedback loop, and a forward compensator is also
designed in order to reject the disturbance effects. It applies its
proposed controller in a gain-scheduled manner to achieve the
desired performance for regulating the SG water level at the whole
range of power demands. Although the methods based on gain-
scheduling deliver an acceptable performance, however, they
cannot guarantee the overall stability of the system. The quantita-
tive feedback theory (QFT) is utilized in Ref. [11] to synthesis a
robust water level compensator based on the loop shaping with
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shifted robust bounds to counteract the non-minimum phase ac-
tivity of the system.

On the other side, some researches have been accomplished to
apply the artificial intelligence techniques in control of U-tube SG
(UTSG) water level, such as adaptive neuro-fuzzy, model-based
predictive, adaptive critic-based, neuro-fuzzy, genetic fuzzy, and
fuzzy gain-scheduled neural controllers [12—16]. Extreme learning
machines (ELM) are also proposed in Ref. [17] for modeling the
UTSG system in offline and online modes and identifying the water
level for system monitoring, diagnostics, and control applications.
The better learning ability is achieved because of the randomness of
the ELM compared to the other classical schemes.

One of the main control objective of the UTSG water level is the
robustness of the system against the power operation deviations. In
Ref. [18], H, controllers are designed at nine various operating
points utilizing gain-scheduling to obtain a global water-level
controller. In Ref. [19], a robust H,, controller is presented base on
the ten identified models for the SG engaging the loop-shaping H,,
synthesis, and then the v-gap metric is applied in order to pick out a
sample model among the models associated with some power
levels, and therefore the number of controllers are reduced to three
ones for lower power range, mid-power range, and higher power
range.

Alinear quadratic regulator (LQR) control approach is addressed
in Ref. [20] such that the H.-synthesis is used for ensuring the
stability and the tracking capability of the controlled plant at
different power demands. This proposed LQR method is employed
to adopt the constraints on feed water flowrate. In Ref. [21] a robust
control method based on a multi-model predictive control scheme
has been developed over the entire operating range from 0% to
100%. In Ref. [22], an optimal tracking control is addressed using the
state estimator for the SG water level system considering the power
demand variation. Its main aim is to determine the characteristic
polynomial for satisfying the stability and robustness necessities of
the plant. The non-minimum phase property of the SG and its
nonlinear characteristic cause that the reverse thermal-dynamic
effect known as “shrinking” and “swelling” make a difficult prob-
lem for the system control [23].

The most pervious articles are focused on the methods that are
based on gain-scheduling approach where a satisfactory perfor-
mance may be achieved, however, they cannot guarantee the
overall robust stability of the system. They are also established on
some different controllers instead of a fixed controller that may
causes an unanticipated behavior in switching intervals. The main
contribution of this article is presentation of a fixed robust
controller for the SG water level system over the whole range of
power level deviations. In this paper, the u—synthesis is employed
to design the proposed controller. The parameter uncertainties of
the SG dynamics, caused by operating power variation, are
modeled as multiplicative perturbations which are normalized by
appropriate weighting functions. The SG model with the parame-
ters given at 100% plant operating power level is considered as
nominal plant model, and its relative error with respect to the SG
models with the parameters given at other operating power levels
are utilized to determine the weighting functions for normalizing
the system uncertainties. Therefore, the general robust control
configuration is extracted that can be used for robust synthesis and
analysis. The robust analysis ability of the obtained configuration
may be useful for certifying the robustness of the existing UTSG
controllers against the operating power level deviation. Then a
robust controller is driven based on u-synthesis and D-K iteration
to achieve the desired performance, stability, and robustness of the
SG water level system in the existence of the swell-shrink phe-
nomenon, mechanical oscillations, and steam flowrate variations.
Simulation outcomes are given to show the performance of the

suggested controller in comparison with the other regarding con-
trollers such as gain-scheduled H,, controller, QFT controller pro-
posed in Ref. [11], and DSMC suggested in Ref. [9]. The robustness
validation ability of the proposed configuration is also imple-
mented for the mentioned controllers.

The rest of the paper is prepared as follows. Section 2 presents
the UTSG system model and problem formulation. In third section,
the parametric uncertainties due of the plant operating power level
change are modeled as multiplicative perturbation. The design
procedure of the proposed robust controller is described in Section
4, The simulation results and discussion on controller performance
is given in Section 5, and finally Section 6 concludes the paper.

2. UTSG system model and problem formulation

In pressurized water reactors (PWRs), the generated energy has
been absorbed by the primary coolant. The heated water is pumped
to the reactor core and it flows to the SG. The thermal energy of the
hot water is exchanged to a secondary system via several equivalent
inverted vertical U-tubes. The steam, generated in the secondary
system, flows to rotate the turbine of an electric generator. Due of
performing daily load cycling operation, the water level variations
of the SG may result in serious consequences containing unpre-
meditated shutting down and system damage. Therefore, the water
level should be preserved within its definite range. The problem of
maintaining the water level in a constant set point through the
variations of the power demand, is hard because the SG has: non-
linear behavior, inconstant parameters, restrictions on control
effort, water level limitation, and highly measurement noise.

The principle of fluid flow in a UTSG is depicted in Fig. 1. The
UTSG is comprised of down-comer, tube bundle, riser, steam
separator and steam dome. The feed-water transported from the
down-comer to tube bundles. The generated heat of the reactor is
absorbed by the rising water by the tube bundle and converted to
two-phase mixture. The saturated mixture flows from the lower to
upper part of the dryer to be separated into steam and water
phases. Finally, the steam is removed by the main steam line. This
steam is sent to the turbine for rotating the electric generator. The
produced electric power is a function of the steam flow rate
entering the turbine. The steam flow rate should be increased by
growth of the power demand. This condition alters the steam
generator water level.

In a regulation problem of the UTSG water level, feed water

Steam flow rate
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Fig. 1. A cutaway view of UTSG.
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flowrate is the control input and steam flowrate is the disturbance
input that is arisen mostly by turbine control systems, and water
level is the system output. A complete model of UTSG is highly
complicated that would require the utilizing of unsteady equations
of the mass and energy conservation. Mostly, the simpler models
would be sufficed for the control study purposes. The water level
model developed by Irving et al.’s [1] can be presented as:

2 = Py(s)u+ Po(s)(u —d) M
where,
G3S G1 GZ
P1(s) := Py(S) :=——
l( ) T],z +47T2T72 +27,]715Jr527 2( ) S 1+725
(2)

and; ¢ is narrow range water level (mm); u is feed water flowrate
(kg/sec); d is steam flowrate (kg/sec); 71 and 7, are damping time
constants (sec); T is the mechanical oscillation period (sec); Gy is
the mass capacity effect of the SG (mm/kg); G, is the swell and
shrink effect value (mm-sec/kg); G is the amount of the oscillation
from mechanical effects (mm/kg); and s is the complex Laplace
transform variable.

The parameters of the model at different power operation levels,
specified from the experimental data, are presented in Table 1.
Several operating power levels ranging are considered from 5% to
100% [1]. This table shows that all of the parameters except G, are
varied with the power level variations.

A robust controller utilizing u—synthesis is designed to meet the
stability and performance requirements. The water level model (1)
in a standard feedback control block diagram can be considered as
shown in Fig. 2. In this diagram P;((s) and P,o(s) are the nominal
models of P;(s) and P,(s), respectively. This nominal models are
specified in the 100% power level case. The proper transfer func-
tions Wy (s) and W5(s) are stable and minimum phase as weighting
functions for normalizing the plant uncertainties 41 (s) and 4,(s) to
be less than one in magnitude at each frequency. The transfer
function Wp(s) is defined to weight the desired performance of the
system at each frequency. Now the control objective can be stated
as to find the robust controller K(s) which neutralizes the influence
of d on z in the presence of system uncertainties, thereby mini-
mizing the closed-loop u-norm from d to z.

3. Modeling of parametric uncertainties

In order to design the controller K(s), the uncertainties of the SG
are extracted as blocks Aq(s) and A,(s). The weighting functions
Wi(s), for i = 1,2, fixed stable transfer functions, are used to
normalize the uncertain stable transfer functions A;(s), i.e.,
[|Aj]] < 1 according to the following relation between the nominal
systems and the perturbed system.

Pi(s) = Pio(s)[1 + 4i(s)Wj(s)] fori=1,2 3)
Using ||4;(s)|| < 1 implies that

B(s) i
Oy

¢
bt
) !
P

Fig. 2. Considering control structure for uncertainty modeling and control synthesis.

Li(w) < | Wy(j)|, Vo fori=1,2 (4)

where L;(w) is the relative error which is defined by

P;(jw) — Pig(jw)
Pig(jw)

The parametric variations, as presented in Table 1, together with
some extra variation associated with different power levels are
utilized to generate ten perturbed model systems for P;(s) and
P, (s). According to (4), |W;(jw)| should be designed as an upper
bound for relative error L;(w). The weighting functions W;(s) are
determined from (4) by choosing a transfer function that is stable
and minimum phase, such that the relative errors (5) are covered
for all the perturbed models. The relative error of each model and
the resulted weighting functions are depicted in Fig. 3 and Fig. 4. As
can be seen, the obtained weighting functions, described by the
following equations, cover all errors curves and acts as suitable
upper bounds for them.

Li(w) := fori=1,2 (5)

Wi (s) = 2.375s% + 2.083s + 3.032
T T2 101725 + 0.0153
~ 3.76652 + 1.585 + 8.6 x 10>

, Wa(s)

(6)

52 4+ 0.527s + 0.0086

Magnitude (dB)

30 : I I !
107 102 107 10° 10° 102
Frequency (rad/s)

Fig. 3. Relative error plots and resulted weighting function for Py (s).

Table 1
SG parameters at several operating power levels [1].
Power Level (%) G1 (mm/kg) G, (mm-s/kg) Gs (mm/kg) T (sec) 71 (sec) 72 (sec) D (kg/sec)
5 0.058 9.63 0.181 119.6 41.9 484 574
15 0.058 4.46 0.226 60.5 26.3 215 180.8
30 0.058 1.83 0310 17.7 434 4.5 381.8
50 0.058 1.05 0.215 14.2 34.8 3.6 660.0
100 0.058 047 0.105 11.7 28.6 34 1434.7
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Fig. 4. Relative error plots and resulted weighting function for P,(s).

4. Robust controller design
4.1. u—controller design
The control structure in Fig. 2, is represented in general standard

block diagram of a robust control problem as Fig. 5 for r = 0,
where 4(s) = diag{41(s), 45(s)}, and

0 0 0 PoW
_ | 0 0 —PyuW, PyW,

Ps) = Wp Wp —WpPyy WpP3 )
-1 -1 Py —P39

and, P3g(s) : = P1o(S) + Pyo(8).
The controller K(s) with combination of plant P(s) via the lower
loop make the following N — A structure shown in Fig. 6.
According to the configuration shown in Fig. 6, Tthe transfer

K(s) =

~ 1.205s° + 0.7179s* + 0.09953s> + 0.00148s> + 5.163 x 10~7s — 3.019 x 10-17

A(s)
N Ya

7 N(s)

d —> —> z

Fig. 6. System configuration in N — 4 structure.

structure singular values is an effective tool in robust control
problems associated with structured uncertainty. The control
objective of the u—synthesis is to find the controller K(s) such that
the following condition is satisfied at each frequency.

u[Fe (P, K)(jw)] < 1 9)

The D-K iteration is used for solving the above u—synthesis
control problem [24,25]. It combines H,,—analysis and u—synthesis,
and often yields good results. The robustness of the controller is
guaranteed by H,,—analysis and u—synthesis put into consideration
the system uncertainty.

To solve problem (9), the weighting function Wp(s) should be
revealed. The weighting function Wp(s) that is known as a perfor-
mance weighting function, weights a region of frequency domain to
decrease the effect of disturbance d on the system output. The
following weighting function is used to satisfy the solving condi-
tions of the problem.

~ 0.001s + 1

We = s+7.1 (10)

Using D-K iteration, a 19 ™ order robust controller is carried out.
Because of high order of the resulted controller, a balanced model
truncation via square root method [26], is applied for reducing the
order of the controller. The resulted 6th order controller with
multiplicative error band 1.18 x 10~ is obtained as

function matrix N(s) is determined with respect to P(s) and K(s) by
the following lower linear fractional transformation (LFT) that is
used later for u—analysis of a given controller K(s).

N1 N
vsen = [y ]

7P]0W]KS 7P10W1KS P]OP20W1KS
= —P20W2K5 —onWzKS _PIOPZOWZKS (8)
WpS WpS —WpSPy

where, S := (1 + P3oK)~! is the sensitivity function and the Laplace
variable s is omitted for simplicity. The u—synthesis with using the

d——> P(s)

ue

Fig. 5. Standard representation of robust control problem.

Ya

| — A

s6 + 155655 + 126.254 + 3.266s3 + 0.0261s2 +9.101 x 10-6s + 1.413 x 10-14

4.2. Gain-scheduled H,, controller design

For evaluating the efficiency of the proposed controller, a gain-
scheduled controller is designed in this section using H,,-synthesis.
Five H,, mixed-sensitivity controllers are designed for the nominal
models of the plant at power levels indicated in Table 1. Since the
system has a pole at origin, the conventional H, synthesis is
encountered with the problem of H, condition satisfaction.
Therefore, the origin pole is shifted to —0.001 in controller syn-
thesis stage. According to the standard manner in H, mixed-
sensitivity synthesis the control configuration of Fig. 2 is
augmented with weighting functions We(s), Wy(s), and W (s) for
considering some penalties on the error signal, control signal and
output signal respectively. The control formation of the augmented
plant is shown in Fig. 7.

The weighting functions are designed as:

_10(s + 10)

10(s 4 .01)
~1000s + 1

We(s) s+ 10

Wu(s) =200,  W(s) =
(12)

Computing a controller that minimizes the H, norm of the
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Fig. 7. Augmented plant for H,, mixed-sensitivity synthesis.

weighted mixed sensitivity transfer function from r to z, results in
the following controllers Kj(s) to Ks(s) at five different plant
operating power levels 5%, 15%, 30%, 50%, and 100% respectively.

pIN1 (o)l <1, Vo (19)

Fig. 8 shows the resulting u—curve for both u—controller and
gain-scheduled H,, controller. Note that, since the designed H,,
controller is a gain-scheduled controller, it has different u—curves
up to the power level deviations as shown in Fig. 8. The power level
is varied from 1% to 100% and the u—curve of the gain-scheduled
H,, controller is drawn for each power level. For robust stability,
it is required that the maximum of the u—curves at each frequency
(push curve) to be less than unity. It is obvious that the robust
stability is not satisfied by the gain-scheduled H,, mixed-sensitivity
controller, while the u—curve of the u—controller is less than unity
in all frequencies and therefore the robust stability is guaranteed.
Fig. 9 shows the robust analysis of the gain-scheduled QFT
controller presented in Ref. [11]. The same result can be observed

5.255 +52.365% + 3.631s3 + 0.2283s2 + 0.0038s + 3.577 x 106

Ki(s) = 13
10) = 6 499255 1 40257 + 28,457 + 2.0335% 1 0.062455 + 6.053 x 10°5 (13)
Ky(s) = 0.8364s° + 8.468s% + 1.047s> + 0.1334s% 4 0.004891s + 4.758 x 10-° (14)
207 76 1 18.13s5 + 82.27s% + 1083 + 1.327s2 + 0.06784s + 6.652 x 105
Ks(s) = 2.455° + 25.165* + 6.933s> + 3.427s% + 0.6923s + 6.889 x 104 (15)
3T 6 +36.6755 + 274.25% + 783653 + 36.125% + 8.7215 + 8.685 x 103
Ka(s) = 0.6391s° + 6.606s% + 2.285s3 + 1.39652 + 0.3504s + 3.49 x 10~* (16)
4T 6 117.4855 + 77.455% 1+ 28.1853 + 15.9152 + 4.2835 + 4.267 x 103
0.5748s° + 5.958s% 4 2.277s> + 1.834s2 + 0.4914s + 4.896 x 104
o (s) =
Ks(s) (17)

By measuring the steam flowrate d, and comparing with last
column of Table 1, the following interpolated controlled is achieved.

Ky () if  d<di
dy—d, . d-d,
dz — d1.\1(5) + dz — d]“Z(S) lf d] <d < dz
ds—d, d—dy, .
K(s)={ d5 — dZ"Z(S) + 45— d2n3(s) if dy<d<ds (18)
dy—d, . d-ds,
;= d3n3(5) + ;= d31\4(5) if d3<d<d,y
ds—d, d—dy, . .
ds = d4n4(5) + ds = d4n5(3) if dy<d<dsg

where, d; to ds are the steam flowrate at operating points shown in
Table 1.

4.3. Stability robustness analysis

The stability robustness of the UTSG is analyzed against the
parameter uncertainties caused by operating power variation. For
this purpose, the parameter uncertainties of the plant are modeled
as Fig. 2 in accord with Section 3. Then, the N — A structure of the
system, Fig. 6, is realized by (8). Hence, the robust stability of the
UTSG is verified by the following condition.

56 +16.965° + 72.37s% + 29.5s3 + 21.81s2 + 5.8725 + 5.85 x 103

for this controller.

5. Simulation results

The time response of the UTSG with the designed controller is
investigated and compared with some existent controllers by
simulating the plant with MATLAB/Simulink software. The perfor-
mance of the suggested controller under the parameter perturba-
tion due of the power level deviation and noisy measurements is
evaluated and compared with the gain-scheduled H, mixed-
sensitivity controller, described in Section 4.2, the gain-scheduled
QFT-controller, addressed in Ref. [11], that is consist of three QFT-

u

Push curve

Heo Controller

0.5

Mu Controller

Structure Singular Value (m )

o ! - ‘
10° 102 107! 10° 10'
Frequency (rad/s)

Fig. 8. Structure singular value for stability robustness analysis of u—controller and
gain-scheduled H,, controller.
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o
3

0 -
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Fig. 9. Structure singular value for stability robustness analysis of u—controller and
proposed QFT controller at [11].

Power level (%)

0 0.5 1 1.5 2 25 3 3.5
Time (s) x10%

Fig. 10. Power level variation (%).
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o
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o
3]

[
o
o

Water level (mm)

N
©
o

280 I L I L I L
0 0.5 1 1.5 2 25 3 35

Time (s) x10*

Fig. 11. Water level deviations during power variations with y, H.,, QFT, and DSMC
controllers.

controller at different power levels, and DSMC proposed in Ref. [9].
The operation condition (or accordingly steam flowrate) is varied in
whole operation scope from 0% to 100% power level as startup cycle
and from 100% to 0% power level as shutdown cycle according to a
profile which is displayed in Fig. 10. The water level response
without measurement noises are shown in Fig. 11. It can be seen
that the output performance of the all controllers are acceptable
and there are not significant differences between them. However, a

Table 2
Comparison of the water level errors with different controllers.

Controllers Output error norm
with measurement noises without measurement noises
u 11292 9431
QFT 12031 9844
H, 11554 10318
DSMC 27585 24996

325 T T T T T 7
—Mu
320 - —— Hinf |4
QFT
315 --—-DSMC|

w
o

Water level (mm)

280 I 1 I 1 I 1

0 0.5 1 15 2 25 3 3.5
Time (s) x10%*

Fig. 12. Water level deviations during power variations with considering the mea-
surement noises.

little improvement can be seen for the plant response with pro-
posed u-controller that is measured by computing 2-norm of the
water level error as demonstrated in Table 2. Fig. 12 shows the plant
responses when the measurement channels are infected by nor-
mally distributed noises with zero mean and standard deviation 10.
The norms of the output errors are also exhibited in Table 2. The
water level reference signal is assumed to be 300 mm. One of the
most important feature of the proposed controller is its singleness
over the whole range of power level operations while the three
other controllers are gain-scheduled compensators. The DSMC
scheme which is described in Ref. [9], has a suitable performance
when the power level is not varied, however in the time intervals
that the power level is varying it doesn't show appropriate behavior
in comparison with the other controllers. It should be also noted
that the DSMC approach is based on the assumption that all the
system states are available, while the other use an output feedback
measurement.

6. Conclusion

In this paper, a u—synthesized robust controller is developed for
the UTSG water level system. In the proposed control structure, a
unique controller is achieved over the whole scope of power op-
erations instead of multiple and gain-scheduled robust controllers
introduced by previous researchers. The multiplicative presenta-
tion is used for modeling the parameter uncertainties of the SG
dynamics. The relative errors for several operating power levels are
utilized to indicate the weighting functions for normalizing the
system uncertainties. Therefore, a general robust control configu-
ration is extracted that is used for robust synthesis and robust
analysis. The attained configuration is employed for validating the
stability robustness of some existing UTSG controllers against the
operating power level deviation. The stability robustness analysis
shows that the proposed u-synthesis controller fulfils the robust
stability condition while the some mentioned regarding controllers
such as gain-scheduled H,, controller, QFT controller proposed in
Ref. [11], are unsuccessful to satisfy the robust stability condition in
u-analysis point of view. Numerical simulations are performed to
evaluate the proposed scheme and to compare the controller
response with the other controllers. The robustness validation
ability of the proposed configuration is also implemented for the
mentioned controllers.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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