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Model Reference Robust Adaptive Control of Control Element Drive
Mechanism in a Nuclear Power Plant
Bae-Jeong Park, Phuong-Tung Pham, and Keum-Shik Hong* �

Abstract: In the nuclear power plant, the control element drive mechanism (CEDM: A type of solenoid actuators)
is used to insert nuclear fuel rods into the core to regulate the neutron absorption within the reactor. The control
environment is full of uncertainty and disturbance, and the CEDM is supposed to cope with the varying conditions
in the reactor. In this paper, a model reference adaptive control (MRAC) of CEDM is investigated. The existing
MRAC scheme that assumes the known system order is first extended to the system with unknown high-frequency
gain and output disturbance, and then the extended version is applied to the control problem of CEDM. A simplified
relationship between the input voltage and the magnetic force of the CEDM is established based on Kirchhoff’s
voltage law and the magnetic co-energy theory. The system order of the plant is identified by the prediction error
method using experimental input/output data: A 3rd order linear model with three poles and two zeros turns out to be
the best model for control. Based on this model, a 3rd order reference model is selected, and an adaptive control law
with σ -modified adaptation laws is designed under output disturbance. The performance of the proposed control law
is compared with a well-tuned PI controller and the conventional MRAC. The superiority of the proposed method
is also demonstrated in an abnormal condition. Simulation and experiment results are provided.

Keywords: Control element drive mechanism, model reference adaptive control, nuclear power plant, solenoid,
system identification.

1. INTRODUCTION

In the nuclear power plant, nuclear fuel rods (i.e., con-
trol rods) are inserted into the reactor core to alter the neu-
tron absorption and control the nuclear reaction rate. In
this process, the level of insertion is regulated by a con-
trol element drive mechanism (CEDM) (also called the
control rod drive mechanism) [1]. The CEDM consists
of a drive-shaft assembly carrying fuel rods, electromag-
netic coil assemblies (i.e., the upper/lower lift and gripper
coils), and latch mechanisms, see Fig. 1. The coil assem-
blies are solenoid actuators that move and hold the drive-
shaft. The CEDM governs the insertion and withdrawal of
control rods by energizing and de-energizing the electro-
magnetic coils of solenoid actuators. In the nuclear indus-
try, the safety and robust control in the presence of uncer-
tainty and disturbance is most crucial [2, 3]. In this paper,
a model reference adaptive control to cope with paramet-
ric uncertainties and the presence of output disturbance is
investigated.

The CEDM has complicated dynamic characteristics
owing to the assembly nature of mechanical, electrical,

and magnetic elements. Several studies on the devel-
opment of a CEDM were performed [4–7]: Ishida and
coworkers presented a compact CEDM for the reactor ves-
sel of the advanced marine reactor MRX [4]. In Yoritsune
et al. [5], a novel latching assembly using a magnetic force
was developed for small reactors. Concerning the electro-
magnetic characteristics of the CEDM, Kim et al. [8] used
a finite element method to analyze electromagnetic effects
and then calculated the latching force of the CEDM in
the APR-1400 nuclear reactor. Lee et al. [9] experimen-
tally investigated the characteristics of the solenoid actu-
ator of the CEDM in the APR-1400 nuclear reactor. Sub-
sequently, Lee et al. [7] developed an optimized design of
the nonmagnetic motor housing based on a finite element
electromagnetic analysis.

In the CEDM, the solenoid actuator is an essential ele-
ment that generates the latching force for the latch mech-
anism through energizing/de-energizing processes of the
electromagnetic coils (Fig. 2). Owing to their broad ap-
plications, the dynamics and control of solenoid actua-
tors have been extensively studied. The linear and non-
linear dynamic models of the solenoid actuator were pre-
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Fig. 1. Latch-type control element drive mechanism.

Fig. 2. Solenoid system in a latch-type CEDM.

sented in Vaughan and Gamble [10]. Later, various inves-
tigations to establish models for modified solenoid actua-
tors and validating their performance have been conducted
[11–13]. Control strategies of solenoid actuators were also
developed in [14–18]. Rahman et al. [14] presented a po-
sition estimation method using the relationship between
the position, incremental inductance, and the current of
a solenoid actuator, whereas Ronchi et al. [16] estimated
the plunger position using the flux analysis. In [17], the
impact velocity of the plunger and valve of a solenoid sys-
tem was controlled using a nonlinear flatness-based esti-
mated state feedback control. Eyabi and Washington [19]
proposed a nonlinear sensorless sliding mode estimate ap-

proach and then designed a closed-loop nonlinear con-
troller based on the estimated parameter. In their work, the
robust control design was used to compensate for the influ-
ence of the hysteresis and saturation effects due to losses
in the magnetic core. In [20], a sensorless robust position
control scheme for compact solenoid actuators was pro-
posed, and then its performance was verified experimen-
tally.

Thus far, to the best of our knowledge, studies on the
control of the solenoid actuator in the presence of un-
known parameters and disturbances in the reactor are lim-
ited. In Fig. 2, the entire system consists of two parts: An
electrical circuit and a mechanical mass-spring-damper
system. The output in the electrical part is the inductor
current, while that in the mechanical part is the plunger
displacement. Output disturbances in the electrical sub-
system include temperature variation in the reactor, degra-
dation of electrical components, etc., and those in the me-
chanical subsystem are sensor deterioration, gear back-
lash, water swirling, etc. In this paper, disturbances are
assumed in sinusoidal forms.

In this paper, adaptive control of a solenoid actuator in
the latch-type CEDM in the nuclear power plant indus-
try is investigated. First, the governing equation of the
solenoid actuator is developed using Kirchhoff’s voltage
law and the magnetic co-energy theory. According to the
experimental input/output data, identification of unknown
parameters appearing in the system model is performed by
assuming that the structure of the mathematical model is
known. Subsequently, a robust model reference adaptive
control is developed for the system in the presence of un-
known parameters and output disturbance. Furthermore,
the performance of the proposed control law is verified
through simulation and experimental data.

This paper is organized as follows: Section 2 provides
a modified model reference adaptive control (MRAC) al-
gorithm for the n-th order linear system with output dis-
turbance. In Section 3, dynamical models of the solenoid
actuator in the CEDM obtained by i) a simplified theoret-
ical approach and ii) a system identification approach and
the adaptive control law are developed. Section 4 presents
the simulation results. Section 5 describes the experimen-
tal results. Finally, conclusions are drawn in Section 6.

2. MODIFIED MODEL REFERENCE ADAPTIVE
CONTROL

Adaptive control is a powerful approach that can han-
dle the system with uncertainties [21–23]. It was ex-
tensively implemented in diverse systems [24–37]. An
output-feedback adaptive control for linear systems with
unknown coefficients was well developed in [38], in which
the high-frequency gain of the plant was assumed positive.
In this paper, it is assumed that output disturbance in the
plant exists and only the sign of the high-frequency gain
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is known, which distinguishes the current work from the
literature.

Consider the following state-space model of a general
linear system with relative degree one.

ẋp = Apxp +Bpu, (1)

yp = CT
p xp +d, (2)

where xp :R+→Rn is the state vector, u :R+→R denotes
the input, d : R+→ Rn is uniformly bounded disturbance
and yp : R+ → R indicates the output. {Ap, Bp, Cp} are
observable and controllable. The transfer function of (1)-
(2) is given as follows:

Gp(s) = kp
Zp(s)
Rp(s)

= CT
p (sI−Ap)

−1 Bp, (3)

where s is the Laplace variable, kp is the high-frequency
gain of the system, Zp(s) and Rp(s) are polynomials of
degrees n− 1 and n, respectively. Assume that i) Zp(s) is
a Hurwitz polynomial and ii) sgn(kp) is known.

A reference model is introduced as follows:

ẋm = Amxm +Bmr, (4)

ym = CT
mxm, (5)

where xm : R+→Rn indicates the state vector, ym : R+→
R is the output, and r : R+→R denotes the reference sig-
nal. The transfer function of (4)-(5) is obtained as follows:

Gm(s) = km
Zm(s)
Rm(s)

, (6)

where Zm(s) and Rm(s) are monic Hurwitz polynomials of
degrees n− 1 and n, respectively. Let km be positive and
Gm(s) be a strictly positive real transfer function.

Now, the control law is defined as follows:

u = θ̂θθ
T
φφφ , (7)

θ̂θθ =
[

k̂ θ̂θθ
T
1 θ̂0 θ̂θθ

T
2

]T
, (8)

φφφ =
[
r φφφ T

1 yp φφφ T
2

]T
, (9)

where k̂, θ̂0 : R+ → R and θ̂θθ 1, θ̂θθ 2 : R+ → Rn−1 are the
estimated control parameters and φφφ 1, φφφ 2 : R+→ Rn−1 are
the filtered signals from u and yp, respectively, obtained
by the following differential equations.

φ̇φφ 1 =ΛΛΛφφφ 1 +bu, (10)

φ̇φφ 2 =ΛΛΛφφφ 2 +byp, (11)

where ΛΛΛ is an asymptotically stable matrix. ΛΛΛ and b are
chosen so that det |sI−ΛΛΛ| = Zm(s) and (ΛΛΛ,b) is control-
lable. Let the vector θθθ ∗ = [k∗ θθθ ∗1

T θ ∗0 θθθ ∗2
T ]T be the nom-

inal parameter values such that if θ̂θθ =θθθ ∗ the transfer func-
tion of the closed-loop system G0(s) under (7) matches the

Fig. 3. Adaptive control scheme [23]: Output disturbance
exists.

transfer function of the reference model Gm(s). Fig. 3 il-
lustrates the overall control scheme discussed above.

Lemma [39]: Consider the system ẋ = f (x) where
x : R+ → Rn. Let Ψc is the complement set of the set Ψ

that is a bounded neighborhood of the origin and V (x) is a
scalar function with continuous partial derivatives in Ψc.
The boundedness of the solution of the system is assured
if the following conditions hold.

i) V (x)> 0 ∀x ∈Ψ
c, (12)

ii) V̇ (x)≤ 0 ∀x ∈Ψ
c, (13)

iii) lim
‖x‖→∞

V (x) = ∞. (14)

Now, the objective of the control system design is to
derive an adaptive control input u, so that the tracking er-
ror ey = yp− ym is uniformly ultimately bounded in the
presence of d.

Theorem 1: Consider the plant in (1)-(2) and the refer-
ence model in (4)-(5) with transfer functions given by (3)
and (6), respectively, and the control law in (7). Let the
adaptation law be given by

˙̂
θθθ =−sgn(kp)eyφφφ −σθ̂θθ , (15)

where σ is a positive constant. Then the tracking error
ey = yp − ym and the parameter errors θ̃θθ = θ̂θθ − θθθ ∗ are
bounded for any bounded initial conditions. Furthermore,
there exists a set Ψ that has a bounded neighborhood of
the origin (ey,θ̃θθ) = (0,0) such that every ey and θ̃θθ starting
outside of Ψ enter Ψ at a finite time, and remains in Ψ

after that time.
Proof: Substituting (7) and (2) into (1), (10), and (11)

yields the following equations describing the closed-loop
system.

ẋp = Apxp +Bp(θ̂θθ
T
φφφ), (16)

φ̇φφ 1 =ΛΛΛφφφ 1 +b(θ̂θθ
T
φφφ), (17)
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φ̇φφ 2 =ΛΛΛφφφ 2 +b(CT
p xp +d). (18)

Using the definition of the parameter errors θ̃θθ = θ̂θθ −θθθ ∗ =[
k̃ θ̃θθ

T
1 θ̃0 θ̃θθ

T
2

]T
, the overall system can be rewritten as

follows:

żp = Azzp +Bz(θ̃θθ
T
φφφ + k∗r)+Dz, (19)

y = CT
z zp +d, (20)

where zp : R+→ R3n−2,

zp =

xp

φφφ 1

φφφ 2

 , Az =

ΛΛΛ+Bpθ ∗0 Cp Bpθθθ
∗T
1 Bpθθθ

∗T
2

bθ ∗0 Cp ΛΛΛ+bθθθ ∗T1 bθθθ ∗T2
bCp 0 ΛΛΛ

 ,
Bz =

Bp

b
0

 , Cz =

Cp

0
0

 , Dz =

 0
0

bd

 . (21)

The closed-loop system is represented by a (3n−2)th or-
der system (19)-(20). Since G0(s) = Gm(s) when θ̂θθ = θθθ ∗,
the reference model is also described by the following
(3n−2)th order system.

żm = Azzm +Bzk∗r, (22)

ym = CT
z zm. (23)

The transfer function of (22)-(23) is obtained as follows:

Gm(s) = k∗CT
z (sI−Az)

−1Bz, (24)

where zm is the state vector of the reference model, which
corresponds to the state vector zp of (19). From (19)-(20)
and (22)-(23), the state error e = zp− zm and the tracking
error ey = yp− ym are obtained as follows:

ė = Aze+Bz(θ̃θθ
T
φφφ)+Dz, (25)

ey = CT
z e+d. (26)

In the case that d = 0, the adaptation law ˙̂
θθθ =−sgn(kp)eyφφφ

can be used to assure the boundedness of the tracking er-
ror ey. In the presence of an external disturbance d, the use
of the mentioned adaptation law, however, can lead to un-
boundedness of the tracking error. Therefore, the modified
adaptation law using the σ -modification scheme in (15) is
used to handle the bounded disturbance. Since Gm(s) is
strictly positive, the transfer function of (25)-(26) is also
strictly positive. According to the Kalman-Yakubovich
lemma, there exist two symmetric positive definite matri-
ces P and Q satisfying

AT
z P+PAz =−Q,

PBz = sgn(kp)Cz. (27)

The following positive definite function is considered to
verify the boundedness of the tracking error and the esti-
mated parameters.

V (e,θ̃θθ) =
1
2

eTPe+
1
2

θ̃θθ
T
θ̃θθ . (28)

The time derivative of V (e,θ̂θθ) is obtained as follows:

V̇ (e,θ̃θθ) =− 1
2

eTQe−σθ̃θθ
T
θ̃θθ + eTPDz

− θ̃θθ
T
(σθθθ

∗+ sgn(kp)dφφφ) . (29)

There exist the positive constants λ1 depending on the
matrix Q and λ2 depending on the reference model and
the bounded external reference signal such that ‖φφφ‖ ≤
‖e‖+λ1 and

V̇ (e,θ̃θθ)≤−λ1 ‖e‖2−σ
∥∥θ̃θθ
∥∥2

+‖e‖‖PDz‖
+
∥∥θ̃θθ
∥∥(σ ‖θθθ ∗‖+λ2 ‖d‖)+

∥∥θ̃θθ
∥∥‖d‖‖e‖

≤−
[

λ1

2
‖e‖2 − 1

2σ
(σ ‖θθθ ∗‖+λ2 ‖d‖)2

− ‖PDz‖2

λ1
+
∥∥θ̃θθ
∥∥2

(
σ

2
− ‖d‖

2

λ1

)]

− λ1

4

(
‖e‖− 2

λ1
‖PDz‖

)2

− σ

2

(∥∥θ̃θθ
∥∥−‖θθθ ∗‖− λ1

σ
‖d‖
)2

− λ1

4

(
‖e‖− 2

λ1

∥∥θ̃θθ
∥∥‖d‖)2

. (30)

Inequality (30) shows that V̇ (e,θ̂θθ) ≤ 0 outside the set Ψ,
where the set Ψ is defined as follows:

Ψ =

{
(e,θ̃θθ) :

λ1

2
‖e‖2 +

∥∥θ̃θθ
∥∥2

(
σ

2
− ‖d‖

2

λ1

)

≤‖PDz‖2

λ1
+

1
2σ

(σ ‖θθθ ∗‖+λ2 ‖d‖)2
}
. (31)

Since the disturbance term Dz and d are bounded, the
boundedness of the set Ψ is assured and hence e and θ̃θθ

are bounded according to Lemma 1. Owing to the bound-
edness of e, (26) reveals that the tracking error ey is also
bounded. Furthermore, Ψ is a bounded neighborhood of
the origin (e,θ̃θθ) = (0,0). Therefore, Ψ is also a neighbor-
hood of (ey,θ̃θθ) = (0,0). According to (26) and (30), we
conclude that every ey and θ̃θθ starting outside of Ψ enter Ψ

at a finite time and remain in Ψ after that time. The proof
is completed. �

3. APPLICATION TO THE CEDM IN NUCLEAR
SYSTEMS

The solenoid system in the CEDM is modeled as an
electromagnetic mechanical system, as shown in Fig. 2.
As shown in this figure, the system includes an electrical
circuit consisting of an inductor and a resistor, a magnetic
circuit with air gaps, and a mass-spring-damper mecha-
nism. When the inductor is energized, a magnetic force
that acts to draw the plunger to the pole is generated.
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Through a sequence of the energizing/de-energizing pro-
cesses of the inductors of solenoid actuators in the CEDM,
the amount of insertion of the control rods is adjusted.
During the operation of the CEDM, the parameters of
solenoid actuators vary depending on the environmental
conditions and the operating level. Therefore, a control
law that deals with uncertainties and the change of system
parameters is very much desirable. The objective of this
section is to develop an adaptive control law for control-
ling the energizing/de-energizing process of the inductors
of solenoid actuators in the presence of unknown parame-
ters and output disturbances.

3.1. Mathematical model
A simplified mathematical model of the solenoid sys-

tem is developed based on Kirchhoff’s voltage law and the
magnetic co-energy theory. Also, the model is restricted
by the following assumptions: i) The solenoid operates in
the linear region of B/H magnetization curve of the ma-
terial (i.e., the B/H curve is a plot that describes the re-
lationship between the magnetic flux density B and the
magnetic field intensity H; therefore, the saturation and
hysteresis effects due to losses in the magnetic core are
not considered), and ii) the flux leakage is negligible.

Under the above assumptions, the solenoid can be mod-
eled by a resistor in series with a linear inductor (see
Fig. 2). According to Kirchhoff’s voltage law, the follow-
ing differential equation describing the voltage/current re-
lationship of the solenoid with the inductance L(x) and the
resistance R is obtained:

v(t) = L(x)
di(t)

dt
+ i(t)

dL(x)
dx

dx
dt

+Ri(t), (32)

where v(t) and i(t) are the voltage input and the current
output, respectively; x denotes the displacement of the
plunger.

The electrical equivalent circuit of the magnetic circuit
is shown in Fig. 4(b), where Fm is the magneto-motive
force, Φ denotes the magnetic flux of the magnetic cir-
cuit, and R1, R2, R3, and R4 are the reluctance of the pole,
the main air gap, the plunger, and the secondary air gap,
respectively. The magneto-motive force, which represents
the ability to create a magnetic flux in the magnetic circuit,
is defined as follows:

Fm = Ni(t) = ΦRm, (33)

where N is the number of turns in the inductor, and Rm

denotes the total reluctance of the magnetic circuit. From
the magnetic point of view, the inductance of the solenoid
is given as

L(x) =
NΦ

i(t)
. (34)

Substituting (33) into (34) yields

L(x) =
N2

Rm
. (35)

(a)

(b)

Fig. 4. (a) Magnetic circuit of the solenoid system, (b)
electrical equivalent circuit of the magnetic circuit.

As the permeability of the pole and plunger material (i.e.,
electromagnetic material) is more significant than the per-
meability of the free space, the pole and plunger reluc-
tances are negligible. The total reluctance Rm, therefore,
can be regarded as the summation of R2 and R4, which is
given as follows:

Rm = R2 +R4 =
l0− x
µ0Am

+
δ

µ0As
, (36)

where l0 is the initial main air gap length, δ denotes the
secondary air gap length, Am and As are the main and sec-
ondary air gap areas where the flux is crossing, respec-
tively, and µ0 indicates the permeability of the free space.
Substituting (36) into (35), the inductance can be rewritten
as follows:

L(x) =
N2

l0−x
µ0Am

+ δ

µ0As

=
µ0AmAsN2

(l0− x)As +δAm
. (37)

The derivative of the inductance with respect to x is calcu-
lated as follows:

dL(x)
dx

=
d
dx

[
µ0AmAsN2

(l0− x)As +δAs

]
=

µ0AmA2
s N2

[(l0− x)As +δAm]
2

=
1

µ0AmN2

[
µ0AmAsN2

(l0− x)As +δAm

]2

=
L(x)2

µ0AmN2 . (38)
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Based on the co-energy theory in which there is no energy
loss, and all the electric energy is stored as electromag-
netic energy in the core, the electromagnetic force F is
derived as follows:

F =
∂We(i,x)

∂x
, (39)

where We(i,x) is the electromagnetic energy, whose for-
mula is given, based on the co-energy theory, as follows:

We(i,x) =
1
2

L(x)i(t)2. (40)

From (38)-(40), the electromagnetic force produced by the
electromagnetic circuit is calculated as follows:

F =
1
2

L(x)2

µ0Am
i(t)2. (41)

The main purpose of this section is to establish a sim-
plified model of the solenoid system for designing a force
controller. Therefore, it is assumed that the plunger has
reached the desired position and is supposed to exert the
force; namely, the displacement of the plunger is consid-
ered as a constant. Therefore, the voltage/current relation-
ship (32) and the current/force relationship (41) can be
simplified as follows:

v(t) = L
di(t)

dt
+Ri(t), (42)

F =
1
2

L2

µ0Am
i(t)2. (43)

It is observed that the voltage/current relationship is char-
acterized by a linear first-order differential equation (42),
whereas the force F is related to the current i(t) by the
nonlinear algebraic function (43).

3.2. System identification
In practice, the solenoid operates under the presence of

the saturation and hysteresis effects; hence, the coil in-
ductance of the solenoid is nonlinear. Dynamic analysis
and control of the nonlinear solenoid model, however, is
somewhat involved. Therefore, this paper proposes the use
of the linear model in the design of an adaptive controller.
The mathematical model of a known structure is deter-
mined through model identification using experimental in-
put/output data of the upper lift coil. The prediction error
method (PEM) [40, 41] for the linear model, which is a
conventional identification technique, is used to estimate
the solenoid model.

According to the PEM, the model is considered as the
following predictor of the next output.

î(t) = f (Zt−1) , (44)

where î(t) denotes the one-step ahead prediction of the
output current, ZT = {v(1), i(1), v(2), i(2), . . . , v(T ),

i(T )} is an observed data set which collects all past input
and output data up to time T, and f is an arbitrary function.
Although the experimental input voltage and output cur-
rent data are sampled at discrete time points, it still han-
dles the continuous-time model well. The predictor is then
parameterized in terms of a parameter vector ΘΘΘ, namely,

î(t) = f (ΘΘΘ,Zt−1) . (45)

Subsequently, the estimated vector Θ̂ΘΘ of ΘΘΘ is derived based
on (45) and ZT, such that the distances between î(1), î(2),
. . . , î(T) and i(1), i(2), . . . , i(T) are minimized in an ap-
preciate norm.

Fig. 5 shows the results of system identification using
the input generated by mixing different quadrature wave-
forms. The responses of six different estimated models are
compared with the experimental output data. Fig. 5(a) re-
veals that the linear 1st-order model, which is the sim-
plified dynamic model in (42), cannot describe the sys-
tem dynamics correctly. System estimations using the lin-
ear 2nd, 3rd, and 4th-order models without zero have
also shown similar results (i.e., Fig. 5(b), Fig. 5(c), and
Fig. 5(d), respectively). Fig. 5(e) showed that the linear
3rd-order model with two zeros is relatively suitable for
capturing system dynamics besides the nonlinear model
(Fig. 5f). Furthermore, the design of a controller using the
linear model, nonetheless, leads to mathematical simplic-
ity. Therefore, the linear 3rd-order model with three poles
and two zeros, which is shown below, is used for develop-
ing the controller.

...
i +a1 ï+a2 i̇+a3i = kp (v̈+b1v̇+b2) , (46)

where a1, a2, a3, kp, b1, and b2 are unknown parameters,
˙(·) denotes the derivative with respect to time. The argu-

ments of i(t) and v(t) are also simplified by i and v.

3.3. Control law
As mentioned in Section 3.1, the force signal can be

converted to the current signal via the nonlinear algebraic
function (43). Therefore, the design of a force controller
for the upper lift coil can be considered as the design of a
current controller. The linear model (46) is used to apply
MRAC, and the unmodeled dynamics are considered as
the error between the reference model and the real model.

The solenoid model (46) under the output disturbance d
can be transformed to the following controllable canonical
form.

ẋp = Apxp +Bpv, (47)

i = CT
p xp +d, (48)

where xp : R+→ R3,

A =

 0 1 0
0 0 1
−a3 −a2 −a1

 , B =

0
0
1

 , C =

 kp

kpb1

kpb2

 .
(49)
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Fig. 5. System identification using PEM.

The transfer function of the solenoid system is shown as
follows:

Gp(s) = kp
s2 +b1s+b2

s3 +a1s2 +a2s+a3
. (50)

The transfer function of the associated 3rd-order reference
model with the input/output pair {r(t), im(t)} is given by

Gm(s) = km
s2 +b1ms+b2m

s3 +a1ms2 +a2ms+a3m
. (51)

According to the theorem in Section 2, the control law v
and the adaptation law for the solenoid system are given
as follows:

v= k̂r+θ̂11φ11+θ̂12φ12+θ̂0ei+θ̂21φ21+θ̂22φ22, (52)

and the adaptation laws

˙̂k =−sgn(kp)eir−σ k̂, (53)
˙̂
θ0 =−sgn(kp)eii−σθ̂0, (54)
˙̂
θ11 =−sgn(kp)eiφ11−σθ̂11, (55)
˙̂
θ12 =−sgn(kp)eiφ12−σθ̂12, (56)
˙̂
θ21 =−sgn(kp)eiφ21−σθ̂21, (57)
˙̂
θ22 =−sgn(kp)eiφ22−σθ̂22, (58)[

φ̇11

φ̇12

]
=ΛΛΛ

[
φ11

φ12

]
+bv, (59)[

φ̇21

φ̇22

]
=ΛΛΛ

[
φ21

φ22

]
+bip, (60)

where ei = i− im, ΛΛΛ is a 2×2 asymptotically stable matrix,
and b is a 2× 1 vector. Furthermore, det |sI−ΛΛΛ| = s2 +
b1ms+b2m and (ΛΛΛ, b) is controllable.

4. SIMULATION RESULTS

In this section, the simulations are carried out to verify
the performance of the modified MRAC. The responses
of the upper lift coil under the designed control law are
shown and compared with those under the following PI
control law. v(t) = KPe(t) +KI

∫ t
0 e(τ)dτ , where KP = 2

and KI = 0.6. The reference current is generated to with-
draw and hold control rods. In detail, the current is in-
creased to a threshold value to produce a magnetic force
drawing plunger (i.e., the draw phase); after reaching the
threshold value, the current is reduced to a lower value,
which is sufficient to maintain a holding force (i.e., the
holding phase).

Fig. 6 shows the current output of the system using the
PI control (see Fig. 6(a)) and the modified MRAC control
(Fig. 6(b)) in the normal condition. In this state, it is as-
sumed that the plant parameters are known. This reveals
that the performances of two controllers are not notice-
able except the fact that the modified MRAC takes a short
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Fig. 6. Comparison of the responses in the normal state:
(a) PI control, (b) the proposed MRAC.

time to adjust the control parameters. For PI control, the
error between the output current and the reference current
is smaller than the modified MRAC control due to well-
tuned control parameters KI and KP for known plant pa-
rameters. The responses of the overall closed-loop system
in the abnormal condition are demonstrated in Fig. 7. In
this state, the plant parameters are changed and not known
due to external factors. The results show that the perfor-
mance of the PI control is not good (Fig. 7(a)). While the
response of the system using the modified MRAC still fol-
lows the reference current well after a short time to ad-
just the control parameters (Fig. 7(b)). The robustness of
the modified MRAC is also compared with the conven-
tional MRAC in Fig. 8. Under the output disturbance, the
tracking error of the system using the modified MRAC is
bounded above by [−1.5, 1.5] (i.e., Fig. 8(a)). The simu-
lation results validated that the designed control law can
be used to control solenoid actuators of the CEDM in the
nuclear system.

5. EXPERIMENTAL RESULTS

The performance of the modified MRAC was verified
experimentally. A testbed used to drive the CEDM mock-
up is shown in Fig. 9, wherein the power supply consists
of R/L load bank, 3 phase power, DC hold cabinet, power
cabinet, power control unit, and oscilloscope.

The output currents of the upper lift coil (UL) in the
withdrawal and insertion processes are demonstrated in
Fig. 10 and Fig. 11, respectively. The conventional PI con-
trol shows limitations under the abnormal condition. The
output current cannot be reached at the threshold value.

Fig. 7. Comparison of the responses in the abnormal state:
(a) PI control, (b) the proposed MRAC.

Fig. 8. Tracking errors: (a) Conventional MRAC, (b) the
proposed MRAC.

Fig. 9. Testbed used to drive the CEDM mock-up.
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Fig. 10. Experimental results of a well-tuned PI controller
in the abnormal condition.

Fig. 11. Experimental results of the proposed MRAC in
the abnormal condition.

With the PI control, it was impossible to move the CEDM
in the abnormal condition accurately (i.e., see Fig. 10). On
the other hand, the results in the response of the system un-
der the MRAC are improved, as shown in Fig. 11. It shows
that the solenoid actuators under the MRAC can move the
CEDM properly regardless of external environmental or
system-parametric changes.

6. CONCLUSION

A first-order linear model describing the simplified rela-
tionship between the input voltage and the magnetic force

was developed using Kirchhoff’s voltage law and the mag-
netic co-energy theory. System identification using the ex-
perimental input/output data showed that the first-order
model is not suitable to predict the system behaviors com-
pared to the third-order model with two zeros. Based on
the third-order linear model, a robust control law was de-
signed for current control of the solenoid actuator under
the output disturbance based on the modified MRAC ap-
proach using the σ -modification scheme. The simulation
and experiential results revealed that the proposed control
law had achieved an excellent control performance when
compared to the conventional PI control law, especially in
the abnormal condition.
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