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Abstract: The major concentration of this study is on developing a novel control system with response and tracking accuracy
features capable of precise angular speed regulation of brushed DC motor. Towards this objective, speed loop controller of
brushed DC motor based on Triple-step nonlinear method has been designed. The Triple-step nonlinear method consists of
the steady-state control, the reference variation-based feed-forward control, the error feedback control. The designed nonlinear
controller has the advantage of concision and specific signification. The controller can greatly enhance the transient response
performance of brushed DC motor. When a brushed DC motor running at low angular speed, the system appears the speed
fluctuation and dead-zone characteristic. Therefore, the friction model of motor is considered in the design of controller. Current
dynamic is neglected due to the fast electric response, the commonly used feedforward controller and PI feedback controller is
designed. The effectiveness of the control method compared with conventional PID controllers is verified through experiments.
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1 Introduction

Brushed DC motors have great torque coefficient, strong

overload capacity, high reliability advantages, are widely

used in motion tracking control of wheeled mobile robots

and spacecraft ground mobile base[1]. Wheeled mobile robot

drive motor control system is the executive body of the mo-

bile robot, the motor control system plays a vital role for the

smooth and rapid operational of the robot system. The speed

tracking performance of driving motor will directly affect the

mobile robot motion tracking effect. Thus, drive motor need

to track the desired angular speed quickly and accurately

in high-precision tracking control of wheeled mobile robot.

However, when a brushed DC motor running at low angular

speed, system will appear movement which is not smooth

phenomenon, due to the friction torque. Steady state error,

occurrence of instability and limit cycle oscillation may be

possible due to existence of friction torque[2][3]. Effect of

friction torque on the dynamic performance of the system

represents waveform distortion through the zero point at low

angular speed.

Currently, many experts and scholars have proposed dif-

ferent characteristics brushed DC motor speed control meth-

ods. PID control due to its simplicity and high reliability

are widely used in brushed DC motor speed control, but

PID control can not overcome the impact of speed control

of nonlinear friction control[4][5]. In servo control friction

compensation has been the subject in many recent studies.

An important problem in friction compensation is that this

force varies with temperature, normal forces, position, and

so on. In [6], X.K.Wang et al. studies the dual-loop motor

control system, and uses simulation optimization method-

ology to design of PID controller parameters, which make

the dynamic and the steady-state characteristic of the con-

trol system reach the design requirements. In [7], in order to
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minimize the dead-zone characteristics, J.Z.Peng et al. used

the Wiener-type neural network acting as a forward iden-

tifier which provides the DC motor system dynamic perfor-

mance in realtime to facilitate adaptive control of the system.

This combination provides an effective solution of enhanc-

ing the control performance of traditional PID controllers.

But study remain in the simulation stage. In [8], Y.Y.Yang

et al. proposed an adaptive robust control method based

on an extended disturbance observer for motion control of

DC motor which obtained an excellent high-precision per-

formance through simulation. In[9], an backstepping-based

output feedback controller has been designed for brushed D-

C motor servo valves. The friction has been compensated

by dynamic adaptive laws. By utilizing observers, current

and friction states are obtained. The performance of the con-

troller has been verified in simulation and experiments using

different reference.

This paper will use the Triple-step nonlinear method to

design an angular speed controller for a Brushed DC mo-

tor. The control scheme takes three parts into account: the

steady-state control, the feed-forward control related to the

reference variation and the error feedback control[10]. Over-

looking the whole procedure, the controller design is de-

duced step by step, after extracting some of the system non-

linearities by the steady-state control and feed-forward con-

trol, an explicit and affine expression of the error dynamics is

obtained that simplifies the design of error feedback signifi-

cantly. Such controller can significantly enhance the control

performance of the motor. In the design of nonlinear con-

troller using the triple-step nonlinear method, consider the

friction torque model to compensate nonlinear phenomena at

low angular speed. There are many studies on friction mod-

el, such as Coulomb friction model, Static Coulomb Viscous

friction model, Stribeck friction model and so on[11]. In this

paper, Stribeck friction model is considered as the friction

model of Brushed DC motor. Experiment results verify the

practicability and effectiveness of the nonlinear controller

comparing with conventional PID controllers.
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2 Brushed DC motor model

In this paper, the simplified mathematical model of the

brushed DC motor is shown as following:

i̇ = − i

L
R− Ke

L
ω +

u

L
(1)

ω̇ =
Km

J
i− 1

J
TL − 1

J
Tf (2)

where Tf describe friction model. Among the friction mod-

el, Stribeck model can describe the relationship between

speed and friction torque more accurately. Thus, in order

to obtain better control performance in the process of design

controller, Stribeck model is a better choice. Stribeck model

is as follows:

Tf = [Tc + (Ts − Tc)e
−(ω/ωs)

2

+Bω]sgn(ω) (3)

Wherein, the parameters Tc, Ts, ωs, B can be determined ex-

perimentally. The description of the symbols in the formula

are shown in Table 1.

Table 1: The description of the symbols

Symbol Significance

i armature current A

L equivalent inductance of armature H

R armature equivalent resistance Ω

Ke voltage coefficient V · s/rad
ω angular velocity rad/s

u terminal voltage of armature circuit V

Km torque coefficient N ·m/A

J the inertia moment of the rotor kg ·m2

Tl load torque N ·m
Tf friction torque N ·m
Td disturbance torque N ·m
Tc Coulomb friction torque N ·m
Ts static friction torque N ·m
ωs critical Stribeck speed rad/s

B viscous friction coefficient N ·m/rad/s

In value, the voltage coefficient Ke is much smaller than

the torque coefficient Km, therefore it can be considered the

current loop and the speed loop decoupling. Using cascade

control for DC motor angular speed control is feasible. In

this paper, the controller of speed loop and current loop de-

sign respectively. In the industry,the brushed DC motor con-

trol strategy based on current loop and speed loop are often

used.

3 CONTROL SCHEME

In order to improve the control performance of the

brushed DC motor, the brushed DC motor control strategy

based on the Triple-step nonlinear method is proposed. The

overall system block diagram shown as: Triple-step nonlin-

ear controller is used to compensate for the effects of non-

linear friction and suppression system deviation. Triple-step

nonlinear method can be formalized as a triple-step proce-

dure:

1) the steady-state control;

2) the reference variation-based feed-forward control;

3) the error feedback control.

The steady-state control ensure the system in a small de-

viation in regulation in the process of reaching steady-state.

In order to obtain a better control performance, the reference

variation-based feed-forward control should be considered.

The reference variation-based feed-forward control can give

the control amount according to the change of the reference

signal. Thus, the reference variation information can im-

prove the transient response performance. The error feed-

back control are utilized for suppressing deviation, improv-

ing the robustness of the system[12].

A.The controller design of speed loop
Considering the no-load condition, the state equation of

speed loop as follow:

ω̇ =
Km

J
i− 1

J
Tf (4)

Step 1:the steady-state control
Assumes that the system has reached steady state, the

steady state control input is i = is. According to the stead s-

tate condition, by letting ω̇ = 0 we obtain a steady-state-like

control as follows:

Kmis − Tf = 0 (5)

Then, we have

is =
[Tc + (Ts − Tc)e

−(ω/ωs)
2

+Bω]sgn(ω)

Km
(6)

Step 2:the reference variation-based feed-forward control
In order to reflect the system has a corresponding regu-

lation when the speed reference value changes dynamically,

on the basis of the steady-state-like control, by setting the

control law isi = is + if . Substituting into (4)leads to:

Jω̇ = Km(is + if )− Tf (7)

Simplifying (7) we get:

Jω̇ = Kmif (8)

By letting ω̇ = ω̇∗, (8)becomes :

if =
Jω̇∗

Km
(9)

Step 3:the error feedback control
In order to improve the control performance of the control

system, as well as disturbance and uncertainty robustness.

We introduce a feedback control ue in the above design pro-

cess. Assume that the control law is i = is+ if + ie, and the

tracking error is defined as ωe = ω∗ − ω. We have:

Jω̇ = Km(is+if+ie)−[Tc+(Ts−Tc)e
−(ω/ωs)

2

+Bω]sgn(ω)
(10)

Simplifying the formula we get:

Jω̇e = −Kmie (11)

In order to analysis the stability of the system, set Lyapunov

function

V =
1

2
Jωe

2 +
1

2
k1χω

2 (12)
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Fig. 1: The system control diagram

with χω=
∫
ωe Therefore we get:

V̇ = Jωeω̇e + k1ωe

∫
ωe

= −Kmieωe + k1ωe

∫
ωe

(13)

We choose Kmie = k0ωe + kq
∫
ωe ,with k0, k1 > 0.

Substituting into (13), we have:

V̇ = −k0ω
2
e (14)

Through the above derivation we get a total speed loop con-

trol law:

in = is + if + ie (15)

=
Jω̇∗

Km
+

Tf

Km
− K0ωe

Ke
− K1

Ke

∫
ωe (16)

B.The controller design of current loop
the state equation of current loop as follow:

�
i = − id

L
R− ke

L
ω +

u

L
(17)

Step 1:the steady-state control
We suppose that the current has reached a steady state and

the input of steady-state control is u = us. According to

the steady-state condition, we set i̇ = 0. By substituting it

into (17), we get:

us = iR+Keω (18)

Step 2:the reference variation-based feed-forward control
In order to reflect the system has a corresponding regula-

tion when the current reference value changes dynamically,

on the basis of the steady-state-like control, by setting the

control law is ud = us+uf . Substituting into (17) leads to:

�
i = − i

L
R− ke

L
ω +

us + uf

L
(19)

By substituting (18)into (19), we have :

�
i =

us

L
(20)

By setting i = i∗, we get:

us = Li̇∗ (21)

Step 3:the error feedback control
In order to improve the control performance of the control

system, as well as the robustness of the control system to dis-

turbance and uncertainty. We introduce a feedback control

ue in the above design. In order to achieve a minimum devi-

ation adjustment, the tracking error is defined as ie = i∗ − i.
We have:

Li̇e = us + uf + ue −Ri−Keω (22)

Simplifying the formula we get:

Li̇e = ue (23)

In order to analysis the stability of the system, set Lyapunov

function

V =
1

2
i2e +

1

2
K0

∫
i2e (24)

Therefore we get:

V̇ = iei̇e +K0χi (25)
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with χi=
∫
ie. We choose ue = −Ki1ie − Ki0

∫
ie, with

Ki1,Ki0 > 0. Substituting into (25), we have:

V̇ = −K1i
2
e (26)

Through the above derivation we get a total current loop con-

trol law:

u = us + uf + ue = iR+Keω −K1ie −K0

∫
ie (27)

4 Experimental Verification

4.1 Mechanical structure and Electronic structure
To verify the validity of the above control method de-

signed to brushed DC motors, a rapid prototyping experi-

mental platform for brushed DC motor based on MicroAu-

toBox is established as shown in Fig. 2. The set of DC mo-

tors test-bed includes a permanent magnet brushed DC mo-

tor and inertial load. The DC motor and inertial load are

connected coincidentally by flexible aluminum couplings. A

65536 pulse/rev high-precision shaft encoder is connected to

the same shaft of the DC motor as the speed feedback. To

measure DC motors’ armature currents, closed loop multi-

range Hall-effect based linear current sensor is used whose

performance specification is measurement range of 20 am-

peres, analog voltage output and sensitivity of 104.16 milli-

volts/ampere. The impulse signal output of the encoder and

the analog voltage output of the current sensor is sampled

by a readily available commercial embedded real-time com-

puter, the MicroAutoBox from dSPACE. The motor control

algorithm were implemented in the MicroAutoBox. The pa-

rameters of DC brushed motor used in the experiment are as

follows:

Table 2: The parameters of brushed DC motor

Parameter Value

maximum no-load speed 733r/min

peak stall current 12A

rated voltage 12V

peak stall torque 1.5N.m

armature equivalent resistance 1Ω

torque coefficient 0.125N.m/A

voltage coefficient 0.01V/r.min−1

Fig. 2: Test bench

Fig. 3: Schematic block diagram

4.2 Comparative Experiment and Analysis
(1)Comparing the method of this paper with the conven-

tional PI closed loop control method. In this experiment, the

reference value of angular speed is a magnitude of 30rad/s
step signal. In Fig. 4, we can see that the conventional PI

closed loop control method track the reference angular speed

about 5 seconds. But the Triple-step nonlinear method can

track the reference angular speed in about 1 second. Thus

the method of this paper has better transient response char-

acteristics.
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Fig. 4: Step signal response

(2)In order to verify the proposed method for the tracking

ability of sinusoidal signal, we conduct experiment and com-

pare with the conventional PI closed loop control method. In

this experiment, the reference of angular speed is sinusoidal

signal ω∗(t) = 30 sin(2πt)(rad/s) in Fig. 5 and ω∗(t) =
4 sin(2πt)(rad/s) in Fig. 6. Fig. 5(a) and Fig. 6(a) use the

conventional PI controller. In Fig. 5(b) and in Fig. 6(b) use

the nonlinear control method in this paper. When the motor

speed through the zero point(motor rotation transformation),

due to lower motor speed, there is a clear dead zone phe-

nomenon when the conventional PI is used. But the Triple-

step nonlinear method can lead to a smooth transition in

the zero crossing. When the amplitude of reference angular

speed is low, the motor has serious dead zone phenomenon.

The conventional PI closed loop control method has a great
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tracking error and poor control effect. However, the Triple-

step nonlinear method has better signal tracking effect.
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Fig. 5: the comparative of tracking effect in the reference

speed of ω∗(t) = 30 sin(2πt)(rad/s)
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Fig. 6: the comparative of tracking effect in the reference

speed of ω∗(t) = 4 sin(2πt)(rad/s)

(3)In order to verify the proposed method for the steady

tracking ability of low angular speed, we conduct exper-

iment and compare with the conventional PI closed loop

control method. In this experiment, the reference speed is

1rad/s and 4rad/s. In Fig. 7(a) and Fig. 8(a), the conven-

tional PI closed loop control method in the steady low angu-

lar speed has a great tracking error. There is a great tremble

when the reference angular speed is 1rad/s, and the peak er-

ror close to 100%. The peak error is about 12.5% when the

reference angular speed is 4rad/s. The error is low using the

Triple-step nonlinear method in Fig. 7(b) and Fig. 8(b). The

peak error is about 38%, when the reference angular speed is

1rad/s. The peak error is about 3.75%, when the reference

angular speed is 4rad/s. Thus, we can see that the proposed

method has good friction torque compensation capability.
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Fig. 7: the comparative of tracking effect in the steady refer-

ence speed of 1rad/s
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Fig. 8: the comparative of tracking effect in the steady refer-

ence speed of 4rad/s

5 CONCLUSION

In this paper, a novel speed control algorithm based on

triple-step method is introduced. The controller based on

the Triple-step nonlinear method enhance the transient re-

sponse characteristics effectively. Friction torque model is

introduced in the design of the Triple-step process in order to

compensate the friction torque disturbance. The Triple-step

nonlinear method can overcome the brushed DC motor in the

low speed nonlinear phenomena. Experiment results demon-

strate the effectiveness and applicability of the method in this

paper.
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