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An Adaptive High-Precision Tracking Controller for the
Coupled Switched Reluctance Two-Finger Gripper
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An adaptive high-precision position control algorithm with online system identification is implemented onto the switched reluctance,
two-finger gripper with coupled magnetic paths. Theoretical investigation proves that the magnetic paths from the two fingers are
highly coupled. Without the introduction of any decoupling scheme, the position control performance under the proportional integral
differential controller and the adaptive controller is inspected and the control results are compared. Experimental results verify
that, without introducing any decoupling mechanism, the adaptive controller is capable of independent control of each finger with
a high-precision and uniform position control performance.

Index Terms— Adaptive control, gripper, system identification.

I. INTRODUCTION

F INGER grippers play an important role in the modern
industry, and they have become indispensible for mankind

to maneuver in the automation fields, such as hazardous
material handling, postdisaster rescues, and so on [1], [2].
With the fast development of semiconductor industry, the
demand for high-precision, reliable, and robust finger grippers
are growing [3]. Therefore, low-cost, mechanically stable
finger grippers and their motion control systems should be
developed with high reliability and good performance for
such applications.

At present, various types of finger grippers have been
developed and investigated. These include direct current (dc),
dc brushless, piezoelectric, and voice coils grippers. In a
dc gripper, velocity and torque can be linearly regulated by
the terminal voltage and the armature current [3]. This makes
the dc gripper a favorable solution for the motion control
system. However, due to the presence of commutation brushes,
dc grippers require frequent maintenance, and the electrical
noise from the brushes emits continuous interference to the
environment [4]. An alternative is to use a dc brushless gripper
with electronic commutation method instead of mechanical
brushes. Without any electrical contact between the stator
and the rotor, the generated electrical noise can be decreased
significantly [5]. However, with the involvement of permanent
magnets (PMs), the dc brushless can only operate within a
limited temperature range, and the PMs can be permanently
demagnetized in some hostile operation environment [6].
Though a piezoelectric gripper has a compact size and offers
high precision, it should be linked up with mechanical dis-
placement transfer elements to provide gripping motions [7].
The output force is low and the grippers often suffer from
small opening areas; therefore, they can merely be employed
in miniature mechatronic systems [7].

The switched reluctance (SR) machines have drawn
researchers’ attention, owing to their simple and robust
mechanical structure. The proposed SR two-finger has the
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TABLE I

MAJOR SPECIFICATIONS

features of maintenance-free, and it is capable of opera-
tion in a wide temperate range [8]. However, the gripper
exhibits inherent uncertainties and external disturbances, such
as manufacture and assembly imperfections, winding resis-
tance change, frictional force variations, load change, and
so on. There is a severe coupling between the shared mag-
netic paths. In addition, the spring pulling effect acts as an
undesirable variable load to the control system. Therefore,
the traditional proportional integral differential (PID) position
regulator is not capable of decoupling and precise trajectory
tracking for the two grippers working at the same time.
To achieve a high-precision position control performance,
a dynamic model that reflects system uncertainties and external
disturbances is required for a uniform operation of the gripper.
With online system identification, the parameters of the plant
model can be obtained in real time. The adaptive position
controller based on the pole placement design is applied for
real time compensation of system uncertainties and external
disturbances.

II. STRUCTURE AND MODELING

The SR gripper mainly consists of a pair of windings,
aluminum housing, fixture and supporters, and laminated
silicon-steel plates for the stator and rotor to reduce eddy
current effects. The left and right grippers with rotors have
the double rotating axes, with each axis mounted on an
individual shaft. Both fingers have the same dimensions and
ratings. Detailed information of the SR gripper can be found
in Table I. A pair of incremental encoders is mechanically
connected to each rotating shaft, as shown in Fig. 1(a).
When the left finger gripper is excited, flux lines will be
established along the stator, the left rotor, and the air gap.
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Fig. 1. Gripper prototype. (a) A pair of incremental encoders is mechanically
connected to each rotating shaft and (b) The exited rotor with the finger will
turn anti-clockwise until it is fully aligned with the stator.

The exited rotor with the finger will turn anticlockwise until
it is fully aligned with the stator, as shown for the right finger
position in Fig. 1(b). For backward movement, each gripper
is attached to a torsional spring.

Since each finger has the same dimensions and ratings, the
electrical characteristics of each gripper can be described in
form of voltage balancing equation as [9]

Vk = Rk · ik + dλk(θk, ik)

dt
(k = 1, 2) (1)

where Vk , ik , Rk , λk , and θk are the terminal voltage, cur-
rent, winding resistance, flux-linkage, and angular position
of the rotor, respectively. Since the gripper works under
low-speed operations, (1) can be further simplified to

Vk = Rk · ik + Lk(θk, ik) · dik

dt
(k = 1, 2). (2)

From the mechanical side, each gripper can be expressed in
the torque contribution form as

Tk = Jk · θ ′′
k + Kvθ

′
k + Ksθk + TL (k = 1, 2) (3)

where Tk , Jk , Kv, Ks , and TL are the required torque,
rotor inertia, damping constant, spring constant, and load
torque, respectively. It can be concluded from the above
representations that the SR gripper exhibits a highly non-
linear relationship from the torque output to the current
and displacement.

III. CONTROL STRATEGY

A. Online Parameter Identification

For position control applications, the gripper motion control
system can be characterized as a typical second-order equation
as depicted in (3), with the torque command as the input
and the angular displacement as the output for each finger.
Since the real-time operation is filled with noise and interfer-
ence Vk(t), the second-order system can be further denoted in
the discrete-time form as the following [10]:

A(z−1)θk = B(z−1)Tk + Vk(t) (k = 1, 2) (4)

where {
A(z−1) = 1 + a1z−1 + a2z−2

B(z−1) = b0z−1 + b1z−2.

A(z−1) and B(z−1) depict the denominator and nomina-
tor polynomials with parameter a1, a2, b0, and b1 to be
determined. The ultimate goal of the parameter identification
process is to correctly estimate the above parameters that
contain system dynamics.

Based on the recursive least square (RLS) method, for
any finger one, system dynamics characterized by (4) can be
represented in the RLS form as

θ N
k = �N

k · Xk + eN
k (k = 1, 2) (5)

where X = [a1, a2, b0, b1]T and �N
k = [−θ N−1

k ,−θ N−2
k ,

T N−1
k , T N−2

k ]. eN
k is regarded as the N th stochastic residuals.

For the (N + 1)th estimation, parameters are calculated with
the forgetting factor ρ by the RLS method as [10]

X̂ N+1
k = X̂ N

k + GN+1
k

[
θ N+1

k − (
�N+1

k

)T · X̂ N
k

]
(6)

GN+1
k = P N

k �N+1
k

ρ + (
�N+1

k

)T · P N
k · �N+1

k

(7)

P N+1
k = [

I − GN+1
k

(
�N+1

k

)T ] · P N
k /ρ (8)

where G is the gain matrix and P is the covariance matrix.
For the initial value of P , P = α · I with α = 50 and I the
4 × 4 unit matrix. Termination criterion for the identification
process can be set as the following with a very small positive
value ε as: ∣∣∣∣∣ X̂ N+1

k − X̂ N
k

X̂ N
k

∣∣∣∣∣ < ε. (9)

If the maximum proportion of error from the last to the
present estimated value is small when compared with the small
positive number ε, the present value is considered to be the
correct one that represents the plant model, and the estimation
process will stop.

B. Control and Drive Strategy

The pole placement technique specifies proper pole
positions for the expected control performance, and the
control parameters are regulated according to the designated
poles [11]. The controller output and system output are
determined by the reference signal through the feed-forward
transfer function T/R and through the feedback transfer
function S/R, respectively. As shown in Fig. 2(a), system
output θk and controller output uk can thus be denoted as⎧⎪⎨

⎪⎩
θk = BT

AR + BS
· uk + B R

AR + BS
· ek

uk = AT

AR + BS
· uk − BS

AR + BS
· ek .

(10)

The closed-loop characteristic equation is
AR + BS = A0 Am with causal conditions to be met
as deg S ≤ deg R and deg T ≤ deg R. A0 stands for the
observer polynomial, and Am is the desired closed-loop pole
polynomial, as Am(z−1) = 1+am1z−1 +am2z−2 [11]. R(z−1),
S(z−1), and T (z−1) are the polynomials to be determined.
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Fig. 2. (a) Control block and (b) control flow chart.

According to the constraints of the causal conditions, they
can be expressed as [11]⎧⎨

⎩
R = r0 + r1z−1

S = s0 + s1z−1

T = 1 + t1z−1 + t2z−2.
(11)

The purpose of pole placement design is to designate the
locus for the expected poles and calculate system polynomials
R, S, and T so that the gripper motion system follows the
performance specified by the desired poles am1 and am2.
The estimation and control process flow chart can thus be
depicted as shown in Fig. 2(b) for each finger.

The control algorithm first samples the current torque and
angular position. Then the parameter identification process
starts to estimate a1, a2, b0, and b1 according to (6)–(8).
Then, the polynomial coefficients of R, S, and T can
be determined from the algorithm of the pole placement
technique [11]. Next, control output for the kth gripper is
calculated according to (10). Meanwhile, the angular position
of the kth gripper is fed back to the algorithm for the next
calculation. If the termination criterion is met from (9), then

Fig. 3. Experimental setup.

Fig. 4. Position response from (a) one finger and (b) two fingers.

the whole process stops and it can be regarded that the
current parameters are correct.

IV. CONTROL PERFORMANCE

The experiment is carried out based on a dSPACE DS1104
controller card. The whole experiment is conducted in real
time and the dual-loop control strategy is applied. The outer
loop is position control, and the sampling frequency is 1 kHz.
The current drivers for each finger are the commercial
amplifiers capable of inner current regulation based on the
proportional integral algorithm, and the inner current control
loop is fast enough to meet the requirements for the position
control loop with a sampling rate of 10 KHz. The experimental
setup can be found in Fig. 3.
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TABLE II

CONTROL PERFORMANCE FOR ONE FINGER EXCITED ONLY

TABLE III

CONTROL PERFORMANCE FOR TWO FINGERS SIMULTANEOUSLY EXCITED

The position reference signal is a square waveform with
the frequency of 0.5 Hz and the amplitude of 30° for both
fingers. Since each finger has the same dimensions and
ratings, the parameters for PID and the adaptive control
algorithm are regulated with the same overshoot values for
the left finger. The proportional, integral, and differential
gains are 0.25, 0.001, and 0.032, respectively, based on a
trial-and-error attempt. The coefficients am1 and am2 are thus
selected as −1.98 and 0.98, respectively, according to the
proper step response from a typical second-order system [11].
Then, the same parameters are used for the regulation of the
right finger.

When the left finger is activated only, the position response
waveforms can be found in Fig. 4(a). It can be seen that
the profiles under the PID and the adaptive controller almost
overlap during the positive transitions and the steady-state
error is smaller from the adaptive control. However, during
negative transitions, the overshoot is more dominant under
the PID controller, since the spring begins to take effect and
pulls the finger out gradually. It acts as an additional external
load to the activated left finger. It is clear that both dynamic
and static behaviors under the PID controller is not uniform
during positive and negative transitions, and the steady-state
error value increases as the spring is activated. However, the
response profiles from the adaptive controller are uniform for
either dynamic or static behaviors, under the entire period of
operation. From the control parameters tabulated in Table II,
the performance from the two controllers is similar if only one
finger is excited.

Then the right finger is activated, and two fingers operate
simultaneously, and the position control response waveforms
for both fingers are shown in Fig. 4(b). Since the magnetic
paths from the two fingers are highly coupled, each axis
of motion acts as an external disturbance to another one.
Therefore, the response time from the response profiles
becomes slow with increased rising time. For the
PID controller, there exhibits a bigger steady-state error,
and the controller is not capable of high-precision position
regulation, since the previous P , I , and D gains are no
longer suitable for the new working conditions. However, the

performance under the adaptive controller still exhibits a
uniform dynamic response performance, and the same static
behavior with the absolute steady-state error value falling
below 0.018° for both transitions can be enjoyed. It can
be concluded that the adaptive controller is capable of
real-time position regulation under the desired poles, and
the SR gripper-based motion control system is capable of
adaptation to external disturbances. The numerical data of
control performance are listed in Table III for the two fingers
working at the same time.

V. CONCLUSION AND DISCUSSION

This paper first investigates a two-finger gripper based on
SR technology with a simple and robust mechanical machine
structure. Since the two fingers share a common magnetic
path, one finger acts as a time-variant, external load distur-
bance to another. The adaptive position controller based on
online parameter identification is capable of real-time regula-
tion, error correction, and adaption to external disturbances.
Experimental results with performance comparison between a
traditional PID controller proves that the proposed controller
can achieve a uniform control performance either for one
or for both fingers, with an absolute steady-state error value
within 0.018°. Therefore, there is no need for the introduction
of any decoupling mechanisms for the SR gripper to obtain
a uniform, high-precision position control performance under
the proposed adaptive controller.
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