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Abstract—In the actual start-up process of DC motors, the DC 

drive system often faces a conflict between energy consumption and 
acceleration performance. To resolve the conflict, this paper proposes 
a comprehensive performance index that energy consumption index 
is added on the basis of classical control performance index in the DC 
motor starting process. Taking the comprehensive performance index 
as the cost function, particle swarm optimization algorithm is 
designed to optimize the comprehensive performance. Then it 
conducts simulations on the optimization of the comprehensive 
performance of the DC motor on condition that the weight coefficient 
of the energy consumption index should be properly designed. The 
simulation results show that as the weight of energy consumption 
increased, the energy efficiency was significantly improved at the 
expense of a slight sacrifice of fastness indicators with the 
comprehensive performance index method. The energy efficiency 
was increased from 63.18% to 68.48% and the response time reduced 
from 0.2875s to 0.1736s simultaneously compared with traditional 
proportion integrals differential controller in energy saving. 
 

Keywords—Comprehensive performance index, energy 
consumption, acceleration performance, particle swarm optimal 
control.  

I. INTRODUCTION 

NERGY, the material basis of human social activities, has 
been exploited so much that its inevitable exhaustion has 

become a serious problem for human society, and has even 
threatened the sustainability and strategic safety of all 
countries in the world. The issue of energy saving has received 
considerable critical attention. The DC drive system is often 
seen in the field of fine controls such as machines, large 
mining equipment, and trolleybus, for its good starting and 
braking performance, simple structure, and ease in controlling 
speed, etc. However, in the process of starting and 
accelerating, the energy consumption of the DC motor is high 
and the energy conversion efficiency is low. In the course of 
machine operation, energy-saving measures and control 
technology are closely linked, as the energy-saving measures 
require innovative control technologies. The classical control 
theory uses the rapidity, stability and accuracy of the response, 
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dynamic as well as static, to measure the controller 
performance, but too little work has been devoted to take the 
energy-saving as an index to measure the controller 
performance. A number of researchers have reported energy-
saving control method about DC motor [1]-[5]. Optimal 
control and minimum energy consumption control are 
prominent achievements in energy conservation control 
theory. The problem of the control law of minimum energy 
consumption is to find out what kind of control law can make 
the energy consumed in this working process be minimized 
under a given trip and specified time. Ren studies that the 
trajectory of the optimal control quantity of energy 
consumption is deduced based on the model of DC drive 
system. Compared with the control algorithm aiming at the 
fastest response, the control algorithm aiming at the optimal 
energy consumption can make the DC drive system save more 
energy [1], [2]. Hu studies the minimum energy consumption 
control of the dynamic system, and respectively discusses the 
minimum energy consumption control theory of the linear 
time-varying system, the linear time-invariant system, the 
terminal time-varying system and the state equation without 
state variables at the right end [3]. The energy consumption of 
DC electric drive system for rolling steel is calculated and the 
energy saving performance is outstanding. However the 
inductance of the motor on energy saving is not considered in 
the research. Since the inductance loss is part of energy 
consumption, there is still a certain gap between the minimum 
energy consumption calculated in the above research and 
engineering practice. In [4], it is demonstrated that the optimal 
control energy consumption considering armature inductance 
is closer to the actual energy consumption. In [5], the 
relationship between the minimum energy consumption 
control and the response rapidity index of classical control 
system is studied for the start-up process of DC transmission 
system. Reference [6] takes the square of the control quantity 
as part of the objective function to solve the optimal energy 
consumption control problem of linear or non-linear systems 
in some circumstances. In [7], [8], the energy consumption 
minimization problem is transformed into a geometric 
optimization problem; it testifies the convergence ability of 
the original problem or the sub-problem, and obtains the 
numerical solution on the computer with the help of the 
iteration method. The maximum principle proposed by 
Pontryagin is widely used in the control of minimum energy 
consumption [9]-[12]. In [13], two adaptive control systems 
for efficiency-optimized speed control are proposed on the 
basis of model reference adaptive control system theory. And 
efficiency is considerably improved by these two methods at a 
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light load condition. Torque ripple is one of the reasons that 
affect the low efficiency of the motor. Direct torque 
optimization control is used to reduce the content of torque 
harmonics based on the inner loop feedback current, thereby 
achieving higher energy efficiency [14]. In [15], [16], a triac-
based drive with an optimal efficiency voltage controller is 
proposed. And the double-revolving-field concept is employed 
in the theoretical analysis and a relation between the main and 
auxiliary stator currents is derived that accomplishes optimal 
efficiency under constant torque operation. Taheri et al. 
proposed an adaptive flux search control technique to deal 
with the efficiency optimization of field oriented control by 
proper change of flux variation steps and increases accuracy of 
the Search Control (SC) technique based on a proper loss 
model [17]. Ali et al. put forward the application of AI 
technology to optimize the Proportion Integration (PI) 
controller of flux oriented control to improve the response and 
performance of the motor. Thus, the energy consumption 
efficiency can be improved by reducing the input electric 
energy of the motor [18]. In terms of the application research 
of energy saving control, researchers mainly focus on the 
induction motor that is frequently started, industrial objects 
with high energy consumption, such as industrial kilns [19], 
and energy-limited ones, such as electric vehicles [20], [21], 
wall-climbing robots [22], and underwater operating robots 
[23]. However, the above research does not explicitly put 
forward energy consumption as one of the target function 
indicators. It has been suggested that a comprehensive 
performance index in which the energy consumption is 
definitely regarded as one of the indexes should be 
established, and the energy consumption and response time are 
optimized by flexibly setting the energy consumption weight. 
In this study, energy saving and traditional control 
performance are considered comprehensively. 

The rest of the paper is organized as follows. In Section II, 
the model of the wound-field DC motor is built. In addition, 
the conflict between energy consumption and acceleration 
performance of the motor drive system are analyzed in detail. 
In Section III, comprehensive performance index of DC motor 
control system considering energy consumption is proposed. 
In Section IV, control scheme for energy-saving optimization 
is designed. In Section V, experiments about energy 
consumption and acceleration performance designed and 
results are analyzed. The conclusions of the paper are 
summarized in Section VI. 

II. MODELING OF WOUND-FIELD DC MOTOR 

 In this section, the wound-field DC motor will be modeled. 
The stator of a wound-field DC motor is composed of an iron 
core and an excitation winding. When connecting the power 
supply, the current passes through the stator excitation 
winding and a number of pairs of magnetic poles are 
established between the iron cores to form a magnetic field. 
The field windings and armature windings are in series 
connection. The equivalent circuit diagram of wound-field DC 
motor is shown in Fig. 1. 
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Fig. 1 Equivalent circuit diagram of the wound-field DC motor 
 

According to the Kirchhoff's second law (KVL),the 
equation of the motor voltage circuit is 

 

a
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dI
U I R E L

dt
                   (1) 

 
where Ua represents the input voltage for the motor, Ia the 
armature current for the motor, R the total resistance for 
armature circuit, L the inductance of the motor, E the back 
EMF of the motor, and ω is the angular speed of the motor. 

The linear quadratic (LQ) control, a widely used method in 
engineering, is an optimal control problem which takes the 
linear system as the control object, with the LQ function as the 
optimal objective. While the main energy consumption of the 
system cannot be represented by the control quantity in the 
objective function, it is necessary for the DC motor, the 
energy consumption object, to establish a state equation. The 
dynamic equation of the motor is as follows: 
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where Ta represents the DC motor armature torque, Tl DC 
motor load torque, J motor inertia, ω motor angular speed, CT 
motor torque constant, φ excitation flux, Ia DC motor armature 
current, and α DC motor’s initial angular position. 

If the state variable is assumed, 1 2,X X   , then (2) 
can be expressed as state equation (3): 
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The general equations of linear time-invariant systems are: 
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The initial state X(0) satisfies the equation X1(0) = α0, X2(0) 



International Journal of Electrical, Electronic and Communication Sciences

ISSN: 2517-9438

Vol:14, No:11, 2020

356

 

 

= 0. 
Formula (3) is represented by a linear time-invariant system 

as: 
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The energy consumption of the motor consists of several 

parts, such as the copper loss PCu, the iron loss PFe, the 
mechanical loss Pm, and the additional loss Pc, etc. The copper 
and iron consumption account for 80% of the total energy 
consumption loss in the DC drive system [24]. The copper 
consumption is the major loss of the motor when the armature 
current exceeds the rated value in the acceleration dynamic 
process. Taking the copper loss as an approximation of the 
total energy consumption to solve the minimum energy 
consumption problem, the optimization problem of the 
motor’s energy consumption is transformed into the minimum 
problem under certain constraints. The copper loss of the 
motor is  

 

   2
q 0
= ( )

t

J u t dt


                        (6) 

 
where u represents the armature current of the DC motor, that 
is, the control signal, and τt the settling time. 

When the terminal time is fixed, the optimal solution 
satisfying (6) is  

 

* 1

0
( )=-B ( BB ) (0)

T Tt
t tA AT T A t

tu e e e dt X
             (7) 

 

When the terminal time is a variable, assuming 1 2t t
  , the 

optimal solutions are *
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corresponding optimal energy consumption are
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According to (8), there is a conflict between the energy 

consumption and the response time of the motor in the start-up 
process, that is, an appropriate increase of the response time is 
beneficial to energy conservation. It would be a slow response 
if we only aim at reducing of energy consumption for this 
control scheme. However, only considering the fast response 
index of the system will make the energy consumption too 
large to meet the requirements of energy saving. 

III. COMPREHENSIVE INDEX OF THE CONTROL PERFORMANCE 

The traditional evaluation indexes of the control system 
mainly consider the dynamic and static performance of the 
system, including response rapidity, stability and accuracy. 
And the classical response curve of the control system is 

shown in Fig. 2. In this paper, the acceleration process of 
motor is studied, and we only focus on the dynamic 
performance. That is to say, we study the problem during the 

period from the starting point to st  in Fig. 2. 
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Fig. 2 Classical response curve of the control system 
 

In Fig. 2, ts is the setting time, which the response curve 
from zero to the range of 95%-105% of the steady-state value, 
and the response value no longer exceeds the range. To 
maintain the stability of the control system, the integral value 
of the absolute error of the control system is taken as the 
objective function to evaluate the stability of the control 
system, that is, the performance evaluation index of the 
absolute deviation integral f1(x), shown in (9), is the objective 
function.  

 

1 0
( ) ( )

st
f x e t dt                 (9) 

 
If the value of f1(x) is constantly changing, it means that the 

control system is always in dynamic adjustment, and the 
control system is unstable; if the value of f1(x) is no longer 
increasing, it means that the control system is stable. 

The rapidity of the control system is evaluated by the 
setting time, and the rapidity index expressed by f2(x) as in 
(10): 

 

2 ( ) sf x t                  (10) 
  

The energy consumption performance of the motor is the 
ratio of the mechanical power output on the motor shaft and 
the electrical power input from the power supply to the motor. 
Under a constant load condition, within the time from the 
start-up acceleration to the stabilized running, the output 
mechanical energy of the motor can be as follows 
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The electric power from the external source to the motor is 
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where Ua represents the motor input voltage, Ia motor 
armature current, Uf excitation voltage, and If excitation 
current. 

The efficiency of the motor from the start-up to the steady-
state is: 

 

= out

in

W

W
                   (13) 

 
where η represents the efficiency, Win the total energy input of 
the motor including the power input of the armature circuit of 
the motor and the power input of the excitation circuit of the 
motor, and Wout, the mechanical power output of the motor. 

In this paper, the energy-saving optimization control of the 
transmission control system is studied, taking into account the 
energy consumption performance evaluation index and the 
traditional performance evaluation index of the drive control 
system, so as to achieve the goal of optimizing the energy 
consumption performance and control performance. In the 
optimization algorithm which takes into account the energy 
consumption performance of the motor, the smaller the value 
of the performance index, the better the control performance. 
The higher the efficiency of the motor, the less energy 
consumption. Therefore, the efficiency of the motor is taken as 

the energy consumption performance index. 
 

3

1
( )f x


                    (14) 

 
Therefore, the integrated control performance index of the 

DC motor is (15): 
 

1 1 2 2 3 3( ) ( ) ( ) ( )F x f x f x f x              (15) 
 
In (15), ω1,ω2 and ω3 are the weights of stability, rapidity 

and energy consumption performance index respectively. And 
the sum of the weight coefficients is 1. 

According to the quantity level of performance indexes 
values, we set a normalization factor for each performance 
indicator, as shown in Table I. 

 
TABLE I 

PERFORMANCE INDEX NORMALIZATION FACTOR 

Performance index 1( )f x
 2 ( )f x

 3 ( )f x
Normalization factor 10-1 101 100 

IV. CONTROL SCHEME FOR ENERGY-SAVING OPTIMIZATION 

According to the analysis of Section II, the structure 
diagram of the DC motor control system is established, using 
MATLAB, as shown in Fig. 3.    
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Fig. 3 Structure diagram of the DC motor control system 
 

In Fig. 3, ωr
* represents the reference speed, ωr the 

feedback speed, Ia
* the reference value of the armature current, 

Ia the feedback voltage of armature current and θr the rotor 
position, obtained by differential method. Udc, DC driving 
voltage of thyristor, is 280V, and Uf represents the excitation 
voltage of the DC motor, and u(t) represents the control signal, 
that is, the DC motor current. 

Based on the traditional motor control method, the scheme 
of energy-saving optimization system takes into account both 
the dynamic and static performance of the response of the 
traditional control system and the energy consumption 
performance index in the process of starting and accelerating 
the motor. The optimal control scheme of the comprehensive 
performance index is obtained by tuning the parameters of the 

speed PI controller. 
The PI controller is adopted in the speed control system of 

DC motor. In Fig. 3, the speed controller is the PI controller, 
and the parameters are obtained by PSO optimization 
algorithm. Formula (2) shows that the motor speed is related 
to the armature current. The armature current is obtained by 
the motor speed controller. The armature current flows 
through the current hysteresis loop to the integrated gate turn-
off thyristor to obtain the control quantity of the DC motor. 

In the system simulation experiment, PSO optimization 
algorithm is compiled by M file. The comprehensive 
performance evaluation index of the DC motor is taken as the 
objective evaluation function of the individual fitness value of 
PSO algorithm. Through the iterative optimization process of 
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PSO algorithm, the solution of minimum individual fitness 
value in the optimization range of parameters of PI controller 
can be obtained. 

In the DC motor control system, the objective optimal 
scheme is obtained by optimizing the parameters of the speed 
controller by PSO. The objective function is formulated as 
(15), and it includes system response speed, stability and 
energy consumption performance. The speed controller is a PI 
controller which is optimized by PSO according to the 
objective function. Firstly, the parameters Kp and Ki of the 
model controller are calculated iteratively, and the parameters 
corresponding to the optimal fitness of the objective function 
are obtained. The optimal parameters are brought into the 
model to obtain the optimized efficiency, response time, 
overshoot and steady-state error. The classical particle swarm 
optimization calculation is referred to in [25], which will not 
be introduced in this paper. For the acceleration process of DC 
motor, the flow chart of the optimization algorithm of the 
comprehensive performance index considering energy 
consumption is shown in Table II. 

 
TABLE II 

THE FLOWCHART OF PSO 
1: start 

2: Particle swarm initialization 

3: Updating Kp and Ki values through velocity and position equations 

4: Restricting particle renewal speed and optimization range 

5: Computing the fitness of current particle, individual optimal particle and 
global optimal particle 
6: Individual Optimal Particle and Global Optimal Particle Renewal 

7: Decision on whether the objective function is the smallest or not 

8: Satisfaction ends, otherwise jumping to step 2 

9: The optimal Kp and Ki values are brought into the speed controller to 
calculate the efficiency, steady-state time and overshoot. 

V. EXPERIMENTAL RESULTS AND DISCUSSION  

In order to verify the effectiveness of the energy saving 
optimization control scheme proposed in this paper, the 
following experiments are designed. 

In this paper, experiments are carried out on a CPU 
computing device with a main frequency of 3.6 GHz and a 
memory of 16 GB. The simulation model and experiment are 
carried out by using MATLAB simulation software. Simulink 
system simulation platform in MATLAB is a working 
platform which provides system modeling, dynamic 
simulation and comprehensive analysis. In the process of 
dynamic simulation of the Simulink control system, the data in 
the workspace of MATLAB can be invoked, and the results of 
the dynamic simulation process can also be output to the 
workspace for other files to use. In the system simulation 
experiment, the dynamic simulation model of the drive control 
system in Simulink can be used to output the data into the 
workspace to simplify the coding. In this paper, MATLAB 9.0 
is used to simulate the energy-saving optimization of the 
transmission control system. 

The parameters for the DC motor are given in Table III. 
In the particle swarm optimization, the size of particle 

swarm is 10 and the number of iterations is 30. The 

optimization ranges of Kp is [1.0,50] and Ki is [1.0,20] 
respectively. The inertia factor is 0.6, and the acceleration 
factor is 2.0. 

 
TABLE III 

PARAMETERS OF DC MOTOR 

Ra(Ω) Rf(Ω) Lf(H) La(H) Laf(H) J (kgm2) 

0.5 240 120 0.01 1.23 0.05 

Ra the armature resistance, Rf the excitation coil resistance, Lf the excitation 
coil inductance, La the armature inductance, Laf the mutual inductance 
between armature and excitation coil, and J is the moment of inertia. 

 
TABLE IV  

COMPREHENSIVE PERFORMANCE COMPARISON EXPERIMENT CONSIDERING 

ENERGY CONSUMPTION 

1  
2  

3  
pK  

iK  
st  

(%) 

Energy 
Consumption 

(W)

0.10 0.10 0.80 1.0000 1.6954 0.1736 68.48 196 

0.10 0.15 0.75 1.0000 1.7144 0.1369 68.46 195 

0.10 0.20 0.70 1.3401 2.3054 0.1052 64.39 224 

0.10 0.25 0.65 1.4189 2.4949 0.0994 63.46 231 

0.10 0.30 0.60 1.5466 2.7185 0.0922 62.12 241 

0.10 0.35 0.55 1.8399 3.2174 0.0798 59.46 265 

0.10 0.40 0.50 2.0820 3.5324 0.0726 57.46 284 

0.10 0.45 0.45 3.6519 2.1954 0.0438 49.34 273 

0.10 0.50 0.40 4.0805 1.9669 0.0461 49.96 395 

0.10 0.55 0.35 3.7020 2.2924 0.0416 48.48 382 

0.10 0.60 0.30 3.7185 2.3130 0.0417 48.51 383 

0.10 0.65 0.25 3.7129 2.4919 0.0417 48.51 383 

0.10 0.70 0.20 3.8498 2.3341 0.0400 47.25 402 

0.10 0.75 0.15 3.8860 2.3534 0.0380 45.26 419 

0.10 0.80 0.10 3.8692 1.0000 0.0379 45.13 415 

 

The relationship between energy consumption performance 
and rapidity is studied in this part, so that the weight of 
rapidity index and energy consumption performance index can 

be changed to meet the requirements, 1 2 3+ + =1   and 

1=0.1 . In this experiment, the weight of energy consumption 
performance index is gradually decreased, while the weight of 
rapidity index is gradually increased. For each set of weight 
data, an optimization experiment is conducted according to the 
algorithm flow of Table II, and 15 sets of data are obtained, as 
shown in Table IV. 

In Table IV, rapidity index and energy consumption 
performance index are presented respectively in the dynamic 
acceleration process of the DC motor with the method of 
comprehensive performance index. And the optimal controller 
parameters are obtained by PSO. 

In order to analyze the data in Table IV more intuitively, the 
weight of energy consumption performance index and energy 
efficiency in Table IV are extracted as in Fig. 4. 

As can be seen from Fig. 4, with the increase of the weight 
coefficient of energy consumption performance index, the 
motor efficiency increases from 45.13% to 68.48% gradually. 
When the weight coefficient of energy consumption 
performance index is a minimum of 0.1, the efficiency of the 
motor is the smallest of 45.13%. When the weight of energy 
consumption performance index is the largest of 0.8, the 
efficiency of the motor is the largest of 68.48% and the energy 
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consumption is 196W. The large increase in energy efficiency 
observed on Fig. 4 is due to the energy consumption reduced 
which can be seen in Table IV. While the energy efficiency 
obtained by the traditional Proportion Integration 
Differentiation (PID) controller is 63.18% and the energy 
consumption is 367W. It can be concluded that when the 
weight of energy consumption performance index exceeds 
0.65, the method considering energy consumption achieves 
higher energy efficiency than the traditional method without 
energy consumption. Comparing with the traditional PID 
controller, the proposed method considering the energy 
consumption increases the energy efficiency by 8.39% and the 
energy consumption is reduced by 171W in the process of the 
motor’s start-up acceleration when the weight of energy 
consumption performance index is the biggest. For the energy-
saving considerations, the energy saving effect is obviously 

better than the traditional method when the weight of energy 
consumption index is set to the highest.   
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Fig. 4 Energy efficiency curve 
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Fig. 5 Response time curve 
 

The weight of the rapidity index and steady-state time in 
Table IV are extracted as in Fig. 5. The weight of energy 
consumption performance index increases while the weight of 
the rapidity index decreases gradually. In other words, the 
higher the rapidity weight, the shorter the response time. From 
Fig. 5, with the increase of the weight of the rapidity index, 
the setting time gradually decreases from 0.1736s to 0.0379s. 
It can be learned that the bigger the setting time, the higher the 
energy efficiency. This is because in order to achieve steady 
state more quickly, the overshoot value is larger, and larger 
overshoot results in wasted energy as will be illustrated in Fig. 
7. With the comprehensive performance index control method 
considering energy consumption, the energy efficiency can be 
significantly improved by slightly sacrificing the response 
time. However the setting time obtained by the traditional PID 
controller is 0.2875s which is much worse than the method 
considering the energy consumption. Our results indicate that 
the proposed method considering energy consumption may 
also have significance good effects on rapidly performance. 

The optimization curves have been drawn in Fig. 6 based on 
the selected 3 sets of data from Table IV. These 3 sets of data 
are the optimization results of control parameters when ω2 in 

(15) is equal to 0.1 ,0.45, and 0.8 respectively. As can be seen 
from Fig. 6, the convergence rate and the best fitness value of 
the optimization curve using the same algorithm are different 
due to different weight coefficients of rapidity. The iterations 
are 8,10, and 11 when it converges to the best fitness value. It 
can be concluded that the greater the weight of rapidity, the 
faster the convergence. And this also conforms to the pattern 
shown in Figs. 5 and 7. Due to the different weight 
coefficients, the optimal fitness values of the 3 sets of data 
also converge to different ones. Then the optimized 
parameters are brought into the simulation model of the 
integrated control model of DC motor with the consideration 
of energy consumption. Fig. 7 shows that the armature current 
of the DC motor with the two methods are both well tracked 
and the steady-state error is less than 2A. The method 
proposed in this paper achieves stable state more quickly than 
the old one. Furthermore, the bigger the ω2 is, the quicker the 
response and the faster the response, the greater the overshoot 
which leads to lower energy efficiency and higher energy 
consumption. During the motor start-up process, energy 
consumption is positively correlated with the integral of 
control quantity over setting time. When the response time is 
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small, such as the adjustment time within the range of 0.0379 
to 0.1736, it can be approximately considered that energy 
consumption is positively correlated with the overshoot. 
Therefore the overshoot is the largest and the energy 
consumption is the largest when the maximum value of ω2 is 
0.9. However, the overshoot of the traditional PID control 
method is not the maximum while the corresponding energy 
consumption is the largest. The setting time is 0.2875, much 

higher than 0.1736, resulting in a large integral value of the 
signal to time. The integral of overshoot value over setting 
time is positively correlated with energy consumption. From 
Fig. 7 the traditional PID controller has bigger overshot value 
and longer setting time so that the energy consumption is 
much more than the proposed method this paper. Therefore 
the energy consumption is the largest with the conventional 
approach. 

 

 

Fig. 6 Optimization curve 
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Fig. 7 Armature current tracking curve 
 

In summary, the comprehensive performance optimization 
control algorithm with the consideration of energy 
consumption is convergent and has better dynamic and 
performance and steady-state error than the traditional PID 
method. More importantly, it also has outstanding energy 
efficiency. 

VI.  CONCLUSION 

In order to reduce the energy consumption of DC motor in 
the process of starting, a comprehensive performance index 
method based on particle swarm optimization considering 
energy consumption is proposed. The research shows that 
compared with the traditional method, this method has a very 
good effect on energy saving and the effect of energy saving is 
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better as the weight of energy consumption performance index 
increases. Furthermore, the proposed method is also 
remarkably effective in reducing the start-up process time. 
This paper proposed a method for the study of energy saving 
control, but the comprehensive performance index method 
considering energy consumption also has some shortcomings. 
In order to reduce energy consumption, the maximum 
overshoot of the armature current may exceed the rating of the 
DC motor, and the next step is to add some constraints to 
insure the instantaneous current within a reasonable range. 
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