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Torque control strategy is a common strategy to control robotic manipulators. However, it becomes
complex duo to manipulator dynamics. In addition, position control of permanent magnet synchronous
motors (PMSMs) is a complicated control. Therefore, tracking control of robots driven by PMSMs is a
challenging problem. This article presents a novel tracking control of electrically driven robots which
is simple and free from manipulator model. The novelty is the developing of voltage control strategy
for the direct-drive robots driven by PMSMs. In addition, a state-space model is obtained for the
robotic system including the direct-drive robot manipulator and the PMSMs. Then, the proposed
approach is verified by stability analysis. A comparative study through simulations shows the
superiority of the voltage control strategy to the torque control strategy.
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1. INTRODUCTION

Permanent Magnet Synchronous Motors are receiving
increased attention in the recent years because of their
high efficiency, large torque to volume ratio, and
reliable operation [1]. The controllability of PMSMs is
one of the most favorite features in the control
applications. PMSMs play an important role in motion
control applications such as robotics and machine tool
drives from a low to medium power ranges [2]. PMSMs
can be used for drive-drive robot manipulators to
perform high-accuracy and high-speed applications.

So far, some control strategies namely the open-loop
volts/hertz control, field oriented control (FOC) [3, 4]
and direct torque control (DTC) [5-7] have been
introduced for speed regulation of PMSMs. Among
them, the open-loop volts/hertz control yields a poor
torque regulation with a slow dynamic performance and
significant limitations such as the deficient torque
development at low speed [8]. FOC achieves a fast
response with smooth starting and acceleration [2].
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However, accurate information requires the motor
parameters and load conditions to guarantee good drive
performance in terms of precision, bandwidth and
disturbance rejection [8]. The DTC possesses several
advantages over the FOC such as the elimination of
coordinate transformation, lesser parameter dependence,
faster dynamic response [9], and torque and flux are
regulated directly and independently [10]. Nevertheless,
the inability to accurately estimate the stator flux at low
speeds is its main drawback [1]. So far, control of robot
manipulators is based on the torque control strategy
(TCS). Torque control strategy is a common strategy to
control robot manipulators. The position control of
robot manipulator is implemented using a torque control
law. In this strategy, the dynamics of motors are
excluded from the control problem. It is assumed that
the motors are able to perfectly generate the control law.
Then, the commonly used strategies such as the DTC or
the FOC may be used to drive the PMSMs of direct-
drive robot manipulators. There would seem to be some
major shortcomings in the TCS. This strategy excludes
the motors dynamics from the control problem. It is
highly nonlinear, heavily coupled and computationally
extensive. In contrast, voltage control strategy (VCS) is
computationally simple in the form of decentralized
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control and free from manipulator's dynamics [11]. The
VCS has been already developed for position control of
robots driven by the geared permanent magnet dc
motors [11]. Motors play a dominant role to control the
robot manipulator in VCS. Some control methods in the
form of robust voltage control [12], fuzzy control [13],
fuzzy task space control [14] time-delay control [15]
and adaptive control [16] have used the VCS in position
control of robot manipulators driven by permanent
magnet dc motors. Applications of control algorithms
such as sliding mode control [17], PID control [18],
intelligent control [19] and back-stepping control [20]
can be extended to the VCS. Literature shows that the
above-mentioned common methods are frequently used
as speed regulation not for the position control of
PMSMs. Moreover, the direct-drive motors are bulky
such that handling their dynamics is a challenging
problem. In addition, the commonly used TCS for robot
manipulators shows the mentioned shortcomings.
Considering the problem, causes and solutions, this
paper develops the VCS for the first time to the direct-
drive robots driven by PMSMs. The paper is organized
as follows: section 2 presents modeling of the robotic
system. Section 3 develops the VCS. Section 4 analyzes
the stability and evaluates the performance of control
system. Section 5 gives a comparative study. Section 6
presents the simulation results and finally, section 7
concludes the paper.

2. MODELING

Consider an electrical robot driven directly by PMSMs.
The dynamic equation of motion can be expressed as

D(0)0+C(0,0)0 +¢g(0) =7 ¢y

where e R" is the vector of joint positions, D(0) is
the nxn matrix of manipulator inertia, C(0,0)0 € R" is
the vector of centrifugal and Coriolis torques, g(0)e R"

denotes the vector of gravitational torques, and T R"
is the vector of joint torques. The electric motors
provide the joint torques Tt by

JO+BO+T=1_ )

where T, e R" is the motors electromagnetic torque

vector and J, and B, are the nxn diagonal matrices
for inertia and damping of motors, respectively. Note
that vectors and matrices are represented in the bold
form for clarity. In order to obtain the motor voltages as
inputs of the system, consider the electrical equation of
the ith PMSM [21] that drive the ith joint as

v, =RI,+ LI, +P(LI,+2,), 3)

Vi = RiIdi +Ldiidi —-0,PL,I 4)

iLilgidgi
where for the ith motor, vy and v,; are the d and q
axis voltages, Iy and I ; are the d and q axis currents.
The coefficient matrices Ly and Ly are the d and q
axis inductances, R; is the resistance of stator windings,

P; the number of pole pairs and 1,4 the amplitude of the

flux induced by the permanent magnets of the rotor in
the stator phases. Motor torque vector 7,; as the input

for dynamic Equation (2) is produced by the motor
currents as

Ui = 3Pi[;taﬁlqi + (Ldi - Lqi)ldilqi]/z %)
The stator voltages of each motor are calculated from
vgi and vy of that motor by the inverse park
transformation (IPT) as [21]

Vabe,i :T(ei)quﬂ,i (6)
Vai Vai
Vave =| Yoi |» Ygao =| Vai and
Vei Yoi
. (N
cos(PO,) sin( P6,) 1

T(0,) =| cos(P9, —27/) sin(PO,~27/) 1
cos(PO, +274) sin(PO, +27/) 1

where v,; is considered to be zero for a balanced system.

In order to obtain a state space model for the robotic
system driven by PMSMs, we use some mathematics.
First, we form matrix equations from Equations (3)-(5)
as:

I, =L 'v,-L'RI, -PL "%,0-PL 'L;n (8)
I,=L,'v,+L,'PL p—L, 'R, 9)
T, =1.5PA I +1.5P(L, -L,)§ (10
where Ly, Lg, R, Ay, and P are nxn diagonal

matrices formed by the ith element of their diagonal
Li;, Ly, R, Ay, and P, respectively. Vectors

qr > a

neR”, peR" and £e R" are defined through their ith
elements as

n= Idiéi (11)
U, =0.I. (12)

g = Idilqi (13)
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Substituting Equations (1) and (10) into Equation (2)
yields

0=(D(0)+J) "' x

. . (14)
OjP&JA+15Pﬂﬂ—LO&—CGL@G—gw)—B@

Using z;=0, z,=0, z;=1, and z,=I4 as system

states, a state space model is then derived from
Equations (14), (8) and (9) as

z=1(z)+bv (15)

z,
(D(z,)+3) " (1.5Ph gz, +1.5P(L, — L )(z;.2,) ~C(z,,2,)z, ~g(z,) Bz,
—Lq"Rz3 —PLq"ka,zz *PL.(IL.,TI(ZM z,)
+Ld"PLqu(zz, z,)-L, 'Rz,

f(z)=

(16)

0 0, 0pn Oy

0 0y 0pr Oy v
b=| ™ Jb=| " =]

Lo 0, L~ o, Va

Onxn Ld7] Onxn Ld7]

where voltages of the motors denoted by v4 and v, are

considered as the inputs of the robotic system in
Equation (15). The state space Equation (15) shows a
highly coupled nonlinear large multivariable system.
Complexity of the model opens a serious challenge in
the literature of robot modeling and control.

3. VOLTAGE CONTROL STRATEGY

VCS opens a new field of research in the control of
electrically driven robots. This strategy emphasizes on
the control of electric motors of robot for the control of
a robot. Its main advantage over the TCS is that the
control law becomes free from manipulator model [11].
The VCS has been applied to the electrically driven
robots equipped by permanent magnet dc motors [11].
In this Section, we develop the VCS for the direct-drive
robots driven by PMSMs. A decentralized voltage
control law is proposed as

Voi = &Iqi+Lqijqi +u P (Ll + A,p) 17

vy =—0,PL,I, (18)
where u; is another control input that will be defined

next. Applying control laws of Equations (17) and (18)
to the PMSM expressed by Equations (3) and (4) gives:

u =6. 19)

R’Idi"'Ldijdi =0 (20)

Asaresult, I; >0 as t > o since R; >0 and Ly >0.
The electrical time constant given by L; /R; is very
short. This follows that I; =0. As a result, the PMSM

operates under the maximum torque per ampere [22].
Let us propose the control law u; for tracking a desired

trajectory 0 as
u;, = édi + kp' 0,6, (21

where k,; is a positive constant. Substituting Equation
(21) into Equation (19) yields

&+ kpiei =0 (22)
where e; is the tracking error expressed by
€= Qdi -0, (23)

Thus, e; >0 as t > , if k, >0. The tracking error
will be zero for all ¢ >0 if e;(0)=0. In practice, we can
plan the desired trajectory 6, (t) such that the initial

condition is satisfied. Using Equations (17), (18) and
(21) presents the control laws in dq frame

Ve =RI L0, 46, +k, 0, ~0)| PRIyl +2,) (29
vy =—0,PL,I, (25)

Appling the IPT Equation (6) to Equations (24) and (25)
gives the control law in abc frame

V,

Vi |=T(O;)xr (26)
A\

ci

R’Iqi + Lqijqi +(9d +kpi(9d _Qi))E(Ldildi +;taﬁ)
r= —0,PL,1,
0

The proposed control law Equation (26) is based on the
electrical equations of PMSM i.e. Equations (3) and (4).
It is emphasized that the proposed control law is free
from robot manipulator dynamic in the form of
decentralized structure. This means that each joint is
controlled using feedbacks from that joint. According to
control law Equation (26), the control system requires

feedbacks of joint position 6, , velocity 6;, currents I qi

and its derivative I ; , and I ; . It is verified that none of

qi >
variables from other joints are given in the control law.
The control law has used some constant parameters of

each PMSM in control law Equation (25) namely R;,

qu )

modulation (PWM) to implement the control law

L;, P, and A,; . One may use the pulse width
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Equation (25) on the PMSMs using an inverter. The

currents of PMSM are measured to calculate I,; and

I4 using the Park Transformation as follows [21]
Iqi Iai
Idi =T (0,‘) Ibi (27)
I(ii Ici

4. STABILITY ANALYSIS AND PERFORMANCE
EVALUATION

To make the dynamics of tracking error well-defined
such that the robot can track the desired trajectory, we
make the following assumption.

Assumption 1: The desired joint trajectory 65 must be

smooth in the sense that 05 and its derivatives up to a

necessary order are available and all uniformly
bounded.

Smoothness of the desired trajectory can be
guaranteed by proper trajectory planning. As a result of
applying control law Equations (17), (18) and (21), we
obtained Equations (20) and (22) in section 3. Equation
(20) implies that

R,
I,()=1,(0)e " (28)
Hence, vt >0

|1,(0)] <|1,,(0)] 29)

Equation (22) implies that

e () =¢(0)e ™ (30)
Using e; (t) =64 (t)—06; (t) results in

0.(t) =0, (t)—e(0)e ™' 31)
Thus, 6;(t) is bounded as

|0,(0)] <10, (D] +]e;(0)] (32)
By taking time derivative of Equation (30), we obtain
0,()=0,(+e(0)k,e ™ (33)
Hence, 6;(t) is bounded as

16,(0)| <[6,:(0)] + K, e, (0) (34)

One can calculate 6;(t) by taking time derivative of
Equation (33) as

0,(6)=0,,(0) - ¢ (ke ™ (35)

Thus, 6;(t) is bounded as
16,(0)] <[6,(8)] + K[, 0) (36)

It can be concluded from Equations (32), (34) and (36)
that for each joint6,(t), 6;(t)and 6;(t) are bounded.
Extending this result for all joints implies that9;(t),
6;(t) and 6, (t) are bounded. Substituting Equation (1)
into Equation (2) yields

(J+D(8))6+(B+C(8,0))0+g(0) =1, (37)
According to the properties of robot manipulator [23],
the inertia matrix D(0) and the gravitational forces g(0)
are bounded. The Coriolis and centripetal matrix C(6,0)

are bounded if @ is bounded. Matrices J and B are
constant. Therefore, T, is bounded as

[e.ll<[9+ D)) ||9|| +||B +C(9,9)|| ||9|| +||rf (9)|| +e®)]  (38)

Thus, the torque of ith motor is bounded

|7 ] < 02(6,0,0) (39)
where «(0,0,0) is a positive scalar. According to
Equation (5), if Ly = L,; , then

Iqi = (2Tmi /3Piﬂ'aﬁ) (40)

Thus, I ; is bounded as
1] <[2/32,4P| Jr.0 (41)

where 2/31,;P; is positive constant and 7,; is
bounded as verified in Equation(38). According to
Equation (5), if Ly = Lg; , then

Iqi =27, /(3Pi[;taﬁ + (Ldi - Lqi)ldi]) 42

In the RHS of Equation (42), 7,,,; and I, are bounded
and P;, %,4, Ly and L are constant. Thus

a<l.5P )’aﬁ+(Ldi_Lqi)Idi|Sb (43)
where a and b are positive scalars. Therefore, I ; is
bounded as

I <|r,|/a (44)

According to the reasoning above, for the ith motor
0;(t), 6;(t), Ip; and Iy for i=1,..,n are bounded. As
a result, all system states denoted by 0, 0, I, and Iy

are bounded.
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5. COMPARATIVE STUDY

There would be some shortcoming with the torque
control strategy. First, the control law becomes complex
due to complexity of manipulator dynamics. In addition,
modeling of a direct-drive robot manipulator faces
uncertainties including parametric uncertainty, un-
modeled dynamics and external disturbances. Then, the
control law becomes much complicated to guarantee
stability and provide a satisfactory performance. On the
other hand, the dynamical terms such as Coriolis and
centrifugal torques are highly dominant in the dynamics
of a direct-drive robot. Therefore, using robots in high-
accuracy and high-speed applications is a challenging
problem. We use the model-based control for comparing
the VCS with TCS. A torque control law with
considering the robot and its actuators based on the
model Equation (37) can be suggested as

(J+D(0))(0, +k,(0, -0)+k,(0, -0)) i
+(B+C(6,0))0+g(0) =1, (45)
where the control design parameters are given by gain
diagonal matrices k; and k,. As a result of applying

Equation(45) to the model Equation (37), we have
0,-0+k,(0,-0)+k (0,-0)=0 (46)

Using k; >0 and k, >0, then x —>x4 as t >o where

x stands for the system states expressed as x :[0 6]
and x4 = [Bd éd] . Applying control law Equation (45)
requires the model of robotic system Equation (37) that
is very large, highly nonlinear, heavily coupled and
computationally extensive. In addition, the control law
Equation (45) requires feedbacks of @ and . Then, the
actuators of robot are driven so that the proposed torque
control is implemented.

The FOC is formed by two inner current control
loops and one outer position control loop for position
control of robot. The outer loop provides the reference
current in g-axis, I

3 .
qi» corresponding to the reference

torque, r:ﬂ, for one of the inner loops while the other
one is a zero reference current in d-axis, I;i, to achieve
the maximum torque per Ampere. The FOC is
performed using the PI controllers as follows:

V= ko (1= 1y )+ ko [ (15— 1, )de (47)

where kpy; and kj,; are the controller gains, I;,- is the

reference current in g-axis calculated from Equation (5)
in non-salient rotor for Ly =Ly by

T (48)

where 7, is the ith element of the vector t,, given by

Equation(45). Thus, the vector of I; is calculated as

" %M]Pfl (3+D(©®)(8, +k, (0, ~9) +k,(6, ~0))

' 5 o (49)
+§xa,*'r' ((B+C(0,6))0+2®))

The model-based control law Equation (49) needs the
model of robot. In the literature, the reference current in

g-axis I; was also given as a PD or PID signal on the
position error. A reference current in d-axis Ij; =0 is

obtained using a PI controller as
t
Vai = _deiIdi - kldi J.o Ididt (50)

where kpy and kj; are the controller gains.

6. SIMULATON RESULTS

A comparison on the control performances between
VCS and TCS implemented by FOC is presented
through simulations. All control approaches are applied
on a direct-drive three-link articulated robot manipulator
driven by PMSMs. Figure 1 shows the initial
configuration of the robot manipulator. Denavit-
Hartenberg (DH) parameters of the articulated robot are
given in Table 1, where the parameters 0;, d;, a; and

a; are called the joint angle, link offset, link length and

link twist, respectively. The dynamic parameters of
manipulator are given in Table 2, where for the ith link,

m; isthemass, r; =[x, Yo 2 ]T the center of mass
expressed in the ith frame, and I, the inertia tensor
expressed in the center of mass frame defined as

Xxi xyi xzi
=1, I, I, (51)

I . .

xzi yzi zzi

The parameters of motors are given in Table 3. The
controllers are selected with the same structure for three
joints, but their gains might be different. The desired
position for i =1,2,3 is given the same form of

0, =3t -2¢ (52)

where the operating time is given lsec. The desired
trajectory starts from zero and after 1 second reaches
1rad . The goal of control system is to track the desired
trajectory expressed by Equation (52) from the initial
configuration of the robot.
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Joint2

Z]

Link0

Joint1

Figure 1. Articulated three-link robot manipulator

TABLE 1. The DH parameters

Link 0 d a a
1 0, d; =0.280 0 n/2
2 0, 0 a, =0.760 0
3 0, 0 a, = 0.930 0

TABLE 2. The parameters of articulated robot

i X yio zi  m; o Iy Iyy; L,
1 0 022 0 19 034 036 031
2 051 0 0 1818 018 132 131
3067 0 0 1099 007 092 093
Iyi=1I;i=1,,;=0

TABLE 3. The specifications of PMSMs

L L, Jp R T B P

0.00095 0.00095 10 1 0.008  0.001147 4

TABLE 4.The gains of controllers in FOC

ky; ky; kPqi k Igi Kpgi kg

Cont.1 1000 100 50 50 10 10
Cont.2 100 10 50 50 10 10
Cont.3 100 1000 50 50 10 10

Simulation 1: We apply VCS on the control system
using control law Equations (16) and (17). The
controllers are selected the same with k,; =100 for
i =1,2,3 . The performance of VCS is shown in
Figure 2 where the maximum tracking error for joint 2
is about 5.33x107° rad . The tracking error is really

ignorable while the robot starts under a high load as
shown in Figure 1.

error(rad)

Voltage(V)

Voltage(V)

X 10% Tracking error in VCS
= error1
—error2
—-error3
=)
S
=0 5
2
5]
-1 ! L L !
0 0.2 04 0.6 0.8 1

Time(sec)
Figure 2. Tracking performance of the VCS

0 0.2 0.4 0.6 0.8 1
Time(sec)

Figure 3. The control efforts of the controller 2

0.1
—error1
—error2
0.05- — error3
p— - _ B
0 = T —
\ //
-0.05 \ VA
N —
01 0.2 0.4 0.6 0.8 1
Time(sec)

Figure 4. Tracking performance of FOC

L
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Figure 5. The control efforts of controller 2
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It is worthy to note that the joint 2 has the most load
torque, thus we have shown its performance. The
control efforts behave smoothly as shown for the
controller 2 in Figure 3.

Simulation 2: We apply the FOC on the control system
using control laws Equations (45), (47) and (49). The
gains of controllers are given in Table 4.

The performance of FOC is shown in Figure 4 where
the maximum tracking error for joint 2 is about
0.0284 rad . The tracking error is not as small as that

the one for the VCS. The maximum tracking error for
joint 2 is about 532 times larger than its value in the
VCS but is similar to its value in the modified DTC.
The control efforts rapidly increase to a high value, but
reduce with oscillations as shown for the controller 2 in
Figure 5. After a while the motor voltages behave
similar to ones in the VCS.

7. CONCLUSION

The tracking control of the direct-drive robot
manipulators driven by PMSMs has been studied in this
paper. The robotic control system commonly uses the
torque control strategy that is highly nonlinear, heavily
coupled and extensively computational due to
complexity manipulator dynamics. One may use the
FOC to perform this strategy in position control of
robots. The problem is that the FOC is usually
employed for speed regulation of the PMSMs. In
addition, the control of a direct-drive robot manipulator
is relatively more difficult than the geared-drive robot
manipulator due to the dynamical terms. Considering
these problems, this paper has presented a novel control
approach using the VCS. Results confirm that VCS is
superior to TCS due to being free from manipulator
dynamics. The proposed control approach can be used
to perform the high-speed tasks with high-accuracy.
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