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Parameters Identification of Nonlinear DC Motor

Model Using Compound Evolution Algorithms

Shuang Cong, Guodong Li, Xianyong Feng

Abstrac—The genetic algorithms (GA) with global
optimization character and the simplex method are combined
and used into the application of the parameter identification.
The nonlinear dynamic model of an actual DC motor
including the nonlinear friction torque is established. By
means of the compound evolution algorithms proposed, the
detail procedure of the all parameters identification in the DC
motor with actual system’s input-output data are given. The
effectiveness of identification is verified by the comparison
between actual system values and model’s in the different
situations including the motor running in the dead zone,
saturated zone and linear zone, respectively.

Index Terms—genetic algorithms; simplex method; global
optimization; parameters identification; nonlinear friction

[. INTRODUCTION

DC motor has been widely used in the engineering field
due to its simple structure, outstanding control performance
and low cost. In high accuracy servo control system, high
control performance of DC motor is needed. The traditional
model of DC motor is a 2-order linear one, which ignores
the dead nonlinear zone of the motor. Unfortunately, the
dead zone caused by the nonlinear friction would bring
great effect to servo systems. Therefore, it is vital to model
the dead zone of DC motor accurately in order to improve
the performance of servo system. Concerning the nonlinear
friction of motor, Armstrong-helouvry B. ef al. [1] have
already conducted thorough research and proposed a
nonlinear friction model. This friction model relates to the
speed and time, and the motion goes four areas from the
static friction to the coulomb friction. Moreover, this
friction model structure is quite complex, and 7 parameters
need to be identified. In order to simplify applications and
reflect the real nonlinear friction of the motor accurately, a
simplified friction model was proposed by Cong S. et al.
[2], which is expressed as

Ty =T, -sgn(@)+(T, ~T.)-exp(-a|@]) sgn(@) (1)

Where, T, is the Coulomb friction torque (N-m); 7, is
static friction torque (N-m); « is time constant; @ is
the angular speed of the rotor (rad/s ).

A method used to identify the nonlinear DC motor model
was introduced also by Cong S. ef al [3], which identified
the linear part model and nonlinear friction model of DC
motor, respectively. The parameters of linear part model
were identified by using least square method, and the
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parameters of nonlinear friction model were identified
through experiments. Even though this method could
identify all the parameters of DC motor model including
the nonlinear friction, the parameters of linear part model
and nonlinear friction model must be identified separately,
which undoubtedly decreases the efficiency and accuracy
of system identification. Due to these disadvantages, a new
method which could identify the linear and nonlinear part
models simultaneously is needed to increase the efficiency
and accuracy of system identification.

Genetic Algorithms is a kind of stochastic search
algorithm based on the rule of evolution of the biological
universe, which was firstly proposed by Holland [4] in
1975. GA has the ability to search global optimal solution
of the space without being trapped in local minima. There
are a great amount of applications of GA in the field of
nonlinear system identification, and many researchers [5-15]
introduce the identification of motors or power electronics
systems based on GA. Though GA has the ability to search
global optimal solution of the space, the local search ability
of this algorithm is poor, especially when the optimization
problem is complex, and GA may take relatively long time
to search the global optimal solution. In addition, nonlinear
system identification is a kind of quite complex
optimization problem, thus just using GA to conduct
parameter identification would decrease the convergence
speed and practicality of the algorithm. On the other hand,
simplex method [16] has the ability to converge the optimal
solution more quickly and does not need the differential
information of objective function, thus this method could
be used to identify nonlinear system conveniently and
efficiently.

In this paper, genetic algorithms and simplex method are
adopted to identify the parameters of nonlinear DC motor
model. GA is applied to conduct the global search and find
promising regions of the search space, and then simplex
method is adopted to conduct local search based on the
search result of GA. Additionally, the initial value of
simplex method is the search result of GA, so this
algorithm can assure that the global optimal solution is
searched out efficiently. Because of the fast convergence
speed of simplex method, the efficiency of parameter
identification would be increased significantly. And in
order to increase the accuracy of the model, the nonlinear
friction torque in (1) is adopted to model the dead zone of
DC motor in this paper. Some of contents of this paper have
published in the [17].

The paper is arranged as follows. Section 2 describes the
nonlinear DC motor model. The identification of nonlinear
system based on GA and simplex method is proposed in
section 3, which aims to improve the parameter
identification accuracy and increase the efficiency of
system identification. In section 4, through computer
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simulation, the efficiency and advantages of the proposed
method are validated, and the identification results are
verified by using the input-output data of actual system.
The conclusion of this paper is given in section 5.

II. NONLINEAR DC MOTOR MODEL

The DC motor equivalent circuit under rating excitation
is as shown in Fig. 1.
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+
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Fig. 1 DC motor equivalent circuit

The voltage balance equation of DC motor armature
circuit is expressed as

quaoi+La'%+Kea) )

where, i is armature current (A); L, is equivalent

a

inductance of armature circuit (H); R, is equivalent

a
resistance of armature circuit (Q ); u is terminal voltage of
armature circuit (V); K, is voltage coefficient of DC motor
(V-s/rad ). The torque balance equation of DC motor is
expressed as
do
K, -i-B-wo=J — 3
¢ 7 A3)

where, J is the inertia moment of the rotor (Kg- m? ); K,

is the torque coefficient of DC motor (N-m/A ). Bis
viscous friction coefficient of DC motor (N -m-s/rad ). The
linear DC motor model is obtained by combining (2) and
(3), which is shown as

Jo=-Bw+K,i
Lji=-K,0—Rji+u
y=o
Considering the effect of nonlinear friction, the nonlinear
friction torque [2, 3], which as shown in (1), is applied to

model the dead zone of DC motor. Then the nonlinear DC
motor model is shown as

Lji=—K,w—Rji+u 4)

y=ow

{Jd): —Bw+Ki T, sgn(w)—(T; - T,.)- exp(—(x-|w|) sgn(w)

The DC motor model is transformed into 2-order
nonlinear model from traditional 2-order linear one due to
the presence of nonlinear friction torque, which makes the
model of DC motor more accurate. In control system, the
nonlinear friction moment can be eliminated by using
feed-forward compensation method, which would improve
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the control performance of the system.
Conduct variable replacement to (4)

o =-K 0+ Kyi— Kg sgn(w) — K7 exp(—Kg |a)|) sgn(m)

y=ow

where, Ki=B/J; K,=K;/J; K3z=R,
Ks=1/L,; Kg=T./J; K7=(I;-T.)/J; Kg=0r.

Deﬁne K :[Kl,K2,K3,K4,K5,K6,K7,K8] as the
identified parameter vector of DC motor, which has §
parameters need to be identified. Moreover, the positive
and negative direction responses of the DC motor are
asymmetrical, which means that the parameters of the
motor are different, when it runs in different directions.
Therefore, it is necessary to identify the positive and
negative direction models of DC motor respectively in
order to increase the accuracy of the model. Thus there are
16 parameters need to be identified in all.

/Ly Ky=K/ly;

[II. IDENTIFICATION OF NONLINEAR SYSTEM
BASED ON GA AND SIMPLEX METHOD

The problem of nonlinear system identification can be
described as

X =f(X,0,U)
Y=CX+n

(6)

where, X is state vector of the system; € is parameter
vector to be identified; U is input vector of system; C
is the coefficient matrix; ¥ is output vector of the system;
n is the measurement noise vector. The task of
identification is to identify the system parameters 6 by
using the input signal U and output signal ¥ of the
actual system. There is no special requirement for the
nonlinear system, and the nonlinear system could be
MIMO system.

0=16,,0,-6,1"
U(t) = [uy (t),uy (1)1, (D]
Y(0) = [ (0, p2 () v (O]

where,0 <t <Tr, and there are N sampling points in all;
U(t)is a n-dimensional vector; Y(¢)is a m-dimensional
vector; @ 1is a L-dimensional vector.

In this section, GA and simplex method are adopted to
identify the parameters of nonlinear system. GA performs
well for a global search and is capable of quickly finding
promising regions of search space. In order to improve the
efficiency of parameter identification, while simplex
method is applied to continue the optimization by using the
search result of GA as its initial solution. The sketch map of
parameter optimization is as shown in Fig. 2.

In order to conduct system identification by using GA,
the initial population and selection strategy need to be
ascertained, and crossover, mutation, decode and individual
evaluation also should be conducted. Binary encoding
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method is chosen and the initial population is generated
stochastically in the optimization space. Suppose that the
optimization range of variableais [ay,, @nmax] and the
precision of the variable is 0, then the binary code length
of variable a is shown as follows:

Length (a) = ceil(log2 (%D

where, ceil(4) is defined as the nearest integers greater
than or equal to 4.

The initial point

The sub-optimal point

The global optimal point
Fig. 2 Sketch map of parameter optimization

In order to overcome the disadvantages of roulette wheel
selection strategy, the normalized geometric ranking
selection strategy is adopted, which ranks the individual
fitness and adopts the normalized geometric ranking
function to  define the selection probability

asP. =q'(1-q)" " ; where, r is the rank of the individual, in

which the best one is put the first place; ¢ is the probability
of selecting the best individual, which is chosen as 0.08.

q' = q/(l—(l —q)M ) , where, M is the size of a generation.

Simple crossover and binary mutation are adopted, and the
crossover probability is chosen between 0.25 and 0.75 and
mutation probability is chosen between 0.001 and 0.2. In
this paper, the two probabilities are chosen as 0.6 and 0.1,
respectively. The larger the size of population, the higher
the optimization accuracy, but the program would consume
much more time to search. Generally, the size of population
is chosen between 50 and 150, and the size is chosen as 80
in this paper. The individual fitness function is defined as

Fitness(gi(k))z 5 1

T
Y E(eN0) H-E(gM )y
=1

where, gAl(k )is the ith individual of the kth generation;
H =diag{4, 4+ 4,} is the weight matrix; v is a
positive constant, which ensures that the denominator of
the function is not equal to 0; #,ty, ¢ -+t 1is the N
sampling points in the range of 0<t<Ty, where, ;=0

and ty =Tf ; E(gl-(k),t):‘l}(t)—Y(t)‘ is the error

function.
Simplex method is used to continue the optimization by
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using the search result of GA. Firstly, the parameters should
be initialized including acceptable error, contraction
coefficient, expansion coefficient, initial step and initial
simplex; the optimal point, the sub-worst point and the
worst point are identified by using the objective function of
the simplex acmes. Then judge whether the stop condition
is satisfied. If not satisfied, the reflection point is computed
to ascertain contraction or expansion and to construct new
simplex. If the simplex could not be compressed, the
simplex is shrunk to half of the original one. And the search
is continually conducted.

The basic components of nonlinear system identification
is as shown in Fig. 3; where, U(¢)is the input signal of

actual system; ¥ (¢)is the output signal of actual system;

Y (¢) is the output signal of simulation system; E(¢)is the
error signal, which is used to compute the fitness function
and objective function. The optimization algorithms are
used to adjust the parameters of the simulation system,
which makes the error signal E(¢) as small as possible.

‘ Actual System Y()

Input Signal

Simulation System

Adjust Parameter

| Optimization Algorithm

Fig. 3 Basic components of parameter identification

IV. IDENTIFICATION RESULTS AND VALIDATION

A. Introduction of actual system

The basic scheme of experimental equipment is as shown
in Fig. 4; where, the output and input signals of
micro-processor are voltage and angular speed, respectively,
and both of them are digital. The voltage digital signal is
converted into actual analog voltage signal through the D/A
converter and servo amplifier, and this analog voltage
signal is applied to the terminal of armature circuit. The
actual speed signal is converted into digital signal through
tacho-generator and the A/D converter, and this digital
signal is read into micro-processor. In the experiments, the
digital voltage and angular speed signals could be acquired.
In order to identify the real parameters of DC motor, the
ratio of the digital to actual voltage signal K, and the

ratio of digital to actual angular speed signal K,, should
be determined in advance.

Digital volt.
lgéin\e/to ageD/A Seryo i DC [Q)
IAmplifier|” Motor

Analog velocity signal®(7)

Micro
Processor|Digital velocity signalolk

Fig. 4 Basic scheme of experimental equipment

For the precision of D/A converter is 12-digit, the range
of analog signal is [-5V,5V] and the range of actual
input voltage signal is [-24V, 24V], the ratio of digital to
actual voltage signal (V) K, can be acquired as follows:
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2” _ 2048

K =85.3333/V
P47V T 24V /

For the precision of A/D converter is also 12-digit, the
range of analog signal is [-5V,5V] , the speed
measurement range of tacho-generator is from -800r/min to

800r/min, the  resolution of A/D converter
is 5V/2048=0.0024V , and the output slope of
tacho-generator £ is

oV =0.0597V/rad/s

"~ 800-272/60 rad/s
The ratio of digital to actual speed signal K ,, is then

0.0597V/rad/s

= Ay 24.875/rad/s

The nonlinear DC motor model as shown in (5) is a
SISO system, which satisfies (6). Therefore, we could use
the method introduced in section 3 to identify the nonlinear
system model. Due to the difference between positive and
negative direction responses in the DC motor, it is
necessary to identify the positive and negative direction
models, respectively. The data used to identify the model
contain stochastic noise, and the parameter identification
method introduced in section 3 does not need to filter the
actual data, which undoubtedly increases the identification
accuracy.

B. Determination of system parameters using GA and
simplex method

The simulation scheme of the system is as shown in Fig.
5, in which part A is the input and output data of actual
system, part B is the basic scheme of DC motor. In part B,
the saturation-element is added to the simulation system in
order to simulate the real situation of the system controlled.
The positive and negative direction saturation speeds are
62.3rad/s and 33.5rad/s, respectively, which are obtained
through system testing; part C is the basic scheme of error
computation.

Using GA to identify the nonlinear system, the
parameters of GA are chosen as follows:

The crossover probability p. =0.6 ; the mutation

probability p,, =0.1;
Kiax =100

the total generations of evolution
the size of population M =80; the fitness

function parameter v =1 ; the precision 521076; the
search ranges of GA are K;€[0,5] , K, €[0,50] ,

K5 €[0,80] , K4€e[0,30], K5€[0,30], K¢e<[0,30],
K7 €[0,20], Kg<[0,0.01]; the fitness function is

Fitness(f(l- ) =

(0~ ) +1

M=

~
Il
—

where, N = 1000; @, and @ are the angular speed of

actual and simulation system, respectively.
Using simplex method to identify the system, the
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i
=

The welocity signal
of actual system

Ewsignal 1 l:%d
% Signal 1 %

Gain2

The voltage signal B

of actual system S— e
————————————————————— yeem The velocity signal of simulation systerm

i . - . b D)
| Fonz Integratars Gain3

Zero-Order
Hold

Fig. 5 Simulation scheme of the system

parameters of this algorithm are chosen as follows:

The initial value of the algorithm is chosen as the search
results of GA; contraction coefficient A =0.75 ; expansion
coefficient ¢ =2 ; initial step 2=0.005 ; the objective
function is chosen as

F(fc,.)zﬁ(w,-@)z

=1

The stop condition is
12
1 L+1
sty

where, L=8; the acceptable error ¢ = 1074 ; N=1000.

The parameters of positive direction model are identified
by using 1000 input-output actual data, and the sampling
period is 10ms. The input-output data must reflect the real
characters of the motor, which would increase the
parameter identification accuracy. The input and actual
output signals used to identify the positive model are as
shown in Fig.6 and Fig. 7, respectively, in which the input
voltage signal of DC motor U shown in Fig. 6 is

u =(700/ Ky, 4 )-sin(z/10-1) = 8.2031-sin(z /10-7)

t€[0,10]
S0
S 1 1 1 1 1
. 8F---- e - - - [ —
s 1 | ) 1 1
78 1 1 1 1 1
= 6k - - - - IR R N |
@ 1 1 1 1
& 1 1 1
s 4f---4 T ) N N |
5 1 1 1 1 1
1 1 1 1 1
: 2k £ - o T N R N
= 1 1 1 1
= 1 1 1 1
,E 0 1 1 1 1
0 2 4 6 8 10
time #(s)

Fig.6 Input signal #; used to identify the positive model
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Output speed signal w(rad/s)

0 —L— Actudl system Speed sighal X
-1 —e—ro— Simulation system speed signal |
o 2 4 6 8 10
time #(s)

Fig.7 Output angular speed signal generated by 14

The parameters of negative direction model are also
identified by using 1000 input-output actual data, and the
sampling period is 10ms. The input and actual output
signals are as shown in Fig.8 and Fig. 9, respectively, in
which the input voltage signal of DC motor u, shown in

Fig. 8 is

1y =—(400/ Ky 4)-sin(z/10-£) =—4.6875-sin(x /10-7)
t[0,10]

Input voltage signal U(V)

time £s)
Fig.8 Input signal #, used to identify the negative model

10p-m-m=-——mmmmem - feemee oo

Output speed signal w(rad/s)

Fig.9 Output angular speed signal generated by 1o

The errors between the responses of simulation system
and actual system are very small as displayed in Fig.7 and
Fig. 9. Parameter identification results are as shown in
TABLE 1. The total generations of evolution is 100 and the
population size is 80 by using GA, so the total iteration
number of the fitness function is 8000. The simplex method
would converge to the global optimal point after about
1500 iterations of objective function. The total time
consumption of the program is about 1000s.
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TABLE I
PARAMETER IDENTIFICATION RESULTS
Positive direction Negative direction
parameters parameters
K1 0.0110 0.0265
K2 16.1656 35.9636
K3 50.6626 48.0351
K4 1.3142 0.4960
K5 20.8965 10.3105
K6 19.2766 19.3476
K7 16.2566 1.1782
K8 0.0035 0.0078

C. Verification of derived system parameters

In order to verify the parameter identification results, the
parameters of positive and negative direction models need
to be switched when the running direction of DC motor
changes. The parameters of the system are switched to the
positive direction model, when the motor running in
positive direction; on the other hand, the parameters are
switched to the negative one. In this sub-section, different
frequency and amplitude voltage signals are applied to DC
motor to verify the parameter identification results.

The tested input voltage signal of DC motor u3; shown

in Fig. 10 is

u3 =(410/Kp, 4)-sin(z/10-1)+(360/ K, 4)-sin(z/5-1)
+(340/ K 4)-sin(2z/5-1)
=4.8047-sin(7/10-£) +4.2188-sin(z/5-£) +3.9844
-sin(27z/5-1), t<[0,20]

The output angular speed signal of actual system and
simulation system generated by input signal wu; are

displayed in Fig. 11. The simulation results demonstrate
that the errors between the responses of simulation system
and actual system are very small in both positive and
negative directions, which validates the identification
accuracy when the motor runs in the dead and linear zones.

10F-<---- ------ a------ T - - 1

w1

o
o --

10 15 20
time #(s)

Input voltage signal U(V)
o

Fig.10 Input voltage signal 13

240p-------~ [l G- -m---- T-------- !
= ! Alctual system spe:ed signal !
E 1 —e—Simulation systenspeed signal 1
2 20F--F--%-- lmmmmmm - d--mm-m - Lommmm-- '
E ! !
=) 1 1
’ i O ------ A R At N 1
=l 1 1
3 1 1
R Bt EEEERE W RS SRES !
iy 1 1

=] 1 1 I
o 1 1

5-40 L L L )
© o 5 10 15 20

time #(s)

Fig.11 Output angular speed signal generated by 3
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The tested input slope voltage signal u, shown in Fig.
12 is

uy =1/Kp, ,-(1000-100-7)=11.7188-1.1719-¢
t €[0, 20]
The output angular speed signal of actual system and
simulation system generated by input signal u, are shown
in Fig. 13 from which one can see that when the angular
speed of the motor reaches to -33.5rad/s, the motor gets to
the saturation zone. At this zone, the errors between output
signal of simulation system and actual system are also very

small.

N
o
1
|
|
|
|

J
|
|
|
|
|

-
|
|
|
|
]

[uny

Input voltage signal U(V)

10
time #(s)

Fig.12 Input voltage signal 14

o
o

N
o

[\
o

Output speed signal w(rad/s)

o
o F-- -

10 15 20
time #(s)

Fig.13 Output angular speed signal generated by 14

V. CONCLUSION

In this paper, GA and simplex method are used to
identify the parameters of nonlinear DC motor model.
Using the global search ability of GA and the fast
convergence of simplex method, the accuracy and
efficiency of parameter identification are increased
significantly. This method only uses a set of sufficient
excitation input-output data of the actual system and can be
extended to identify other nonlinear systems conveniently.
The simulation results demonstrate the efficiency and
correctness of the proposed method. The parameters of
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nonlinear DC motor model are identified accurately, and
the input-output data of actual system verify higher
precision of the identification results by means of the
method proposed.
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