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 At low frequencies of operation in a chopper-fed direct current (DC) motor 

drive, the armature current may become discontinuous thus the controller 

operates in discontinuous conduction mode (DCM). Since the minimum 

armature current is zero in DCM, the analysis of peak armature current (Imax) 

is to investigate the ripple content in armature current at different values of 

duty cycle which will help in decreasing the peaky current of DC motor during 

operation. The simulation was carried out using MATLAB-Simulink software 

and the laboratory setup was based on Atmega 328 microcontroller board. In 

this paper, the theoretical and experimental analysis of peak armature current 

were performed at fix low frequency in DCM and variable duty cycles to 

provide full control of DC motor speed. The results show that the peak 

armature current changes with the change of duty cycles and its magnitude is 

decreased almost 50% at higher duty cycle values. 
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1. INTRODUCTION 

Direct current (DC) motor drives can be categorized into two main topologies depending on the type 

of input source. The topologies are phase controlled DC motor drive and chopper-fed DC motor drive as shown 

in Figure 1. In phase controlled either AC motor or DC motor drives, the input supply is alternating current 

(AC) single or three phase sources [1]. The controller is a bridge thyristor-based rectifier AC to DC converter 

which converts the AC input into a controllable variable output DC as illustrated in Figure 1(a). The speed 

control is obtained by controlling the firing angle of the thyristor that varies the mean value of the rectified 

voltage [2], [3]. The disadvantages of using this topology is it produces high ripple in the output voltage and 

high pulsating armature current and lead to the heating of DC motor [3]. Another point is poor power factor on 

the AC side in phase control need to be taken into consideration while using this topology. 

In chopper-fed DC-DC motor drive shown in Figure 1(b), the power conversion is only working in 

DC when the input supply is DC power source or batteries. The speed control is obtained by controlling the 

duty cycle triggered to the gate of the switch at certain switching frequency and the variable converter’s output 

voltage is obtained [3]-[5]. This topology provides significant advantages like low output voltage ripple, low 

pulsating armature current and great efficiency [6]. The armature current of circuit presented in Figure 1(b) can 

be analyzed based on continuous conduction mode (CCM) and discontinuous conduction mode (DCM)  

modes [7]. There are several factors which may lead the converter to operate in CCM or DCM. The operation 

of the converter in a chopper-fed DC motor drive is in CCM or DCM depends on the motor resistance Ra, 

motor inductance La, duty cycle k and chopper’s switching frequency, fs. 

https://creativecommons.org/licenses/by-sa/4.0/
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(a) (b) 

 

Figure 1. AC-DC motor drive system: (a) phase-controlled DC motor drive and 

(b) chopper-fed DC motor drive 

 

 

In many applications, CCM is employed. When designing a converter with a priority given to reduce 

the output ripple voltage, CCM is used. In CCM, the value of the armature current of the converter is always 

positive and varies between minimum and maximum values. Unlike in CCM, the value of the armature current 

changes between zero level and a positive value in DCM at a certain period of time. At light load (small motor 

current), operating the converter at high frequency in CCM may increase the switching losses of MOSFET 

thus reducing the efficiency of the converter. This is a common drawback to chopper-fed DC motor drive 

systems. In order to improve the efficiency of light load applications, DCM is generally applied. However, the 

peak armature current is the main issue since it becomes large in DCM mode. If we consider the switching 

frequency of the chopper is low frequency and the armature inductance of the DC motor, La is too small, the 

armature current will be operating in DCM [8]. The DCM mode usually occurs in converters which consist of 

the single-quadrant switch with a freewheeling diode and may also occur in converters with two-quadrant 

switches. In converters of the single-quadrant switch with another switch to replace the freewheeling diode like 

in a synchronous rectifier, the converter efficiency may be increased and DCM mode can be avoided. Many 

converters are developed for applications in DC motor drives in order to improve higher efficiency and smaller 

size or volume, where high switching frequencies can be applied to the converters [9], [10].  

The LLC-LC resonant converter fed permanent magnet direct current or PMDC motor which was 

proposed in [11] was more efficient with a smaller gap switching frequency range for a wide range of load 

variation applications. Similarly, a paper in [12] suggested a three-phase series-parallel resonant converter-fed 

DC-dive system that has zero switching losses at higher switching frequencies. The research done by [13] uses 

four-quadrant zero current transition (ZCT) converter-fed DC motor drives for electric propulsion which has 

advantages in reducing switching stress at zero current switching. Modeling and simulation of AC-DC buck-

boost converter fed DC motor with uniform pulse width modulation (PWM) technique was implemented in 

[14] to suit as a front-end power source in variable speed drive system. Many papers in the literature review 

have discussed their study in CCM and DCM. In [15], a characterized control of a four-quadrant DC-DC 

converter operating CCM and DCM was developed to limit the input current. A new modeling method based 

on proportional calculus and linear constraints for Boost converter in CCM and DCM was proposed in [16] 

while the paper in [17] has presented and validated the comparison of efficiencies of junction field effect 

transistor (JFET) and insulated-gate bipolar transistor IGBT for full bridge converter operated under CCM and 

DCM. A power loss analysis of active clamp forward converter in CCM and DCM was presented in [18] to 

increase the efficiency of light load applications. In terms of speed control, there are several papers have 

presented their study. A separate DC motor speed controller based on four-quadrant choppers was presented 

in [19]. This includes a four-quadrant operation of a DC motor with a digital control strategy which was 

proposed in [20] while the paper in [21] investigated a comparative and robustness analysis of closed-loop 

speed control for four-quadrant choppers. A detailed analysis on DC choppers and speed control techniques 

was performed in [22] to study their performance. 

This paper also examines the armature current of a chopper-fed DC motor in CCM and DCM modes. 

In section 2, the first quadrant DC chopper design is proposed and the mathematical model is presented. The 

specific analysis on the armature current of the converter in CCM and DCM is also presented. In section 3, the 

calculation and simulation of the peak armature current of the converter in DCM are shown. The experimental 

prototype and verified results are described in section 4. The paper is concluded in section 5. 
 
 

2. CHOPPER-FED DC MOTOR DRIVE 

A DC chopper or commonly known as a DC-DC converter is a driver that changes fix DC input 

voltage to a certain value of DC output voltage. A chopper-fed DC motor drive uses a power electronic switch, 

typically a thyristor or transistor, to regulate the voltage supplied to a DC motor by rapidly turning the supply 

on and off. DC motor is widely used in adjustable speed drive and position control of applications like rapid 

transit systems, robotic drives, pedal-assisted bicycles, trolley cars, and traction motor control [23]-[25]. 
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2.1. Buck DC chopper design 

A first quadrant chopper-fed DC motor drive based on a buck converter is drawn in Figure 2. In this 

circuit, the DC motor is equivalent to the combination of an internal resistance Ra, an internal inductance La in 

series with back EMF voltage E [26]. The buck converter comprises a fast recovery diode D1 and an active 

switch SW1 in series with a DC input supply VD. 

The DC input supply is applied to the DC motor when the switch is ON. The current is conducted from 

the source to the internal winding of the DC motor. In the first quadrant DC chopper, the motor (armature) current 

Ia of the DC motor is in one direction and the polarity of the terminal output voltage or known as motor (armature) 

voltage Va cannot be reversed. When the chopper is OFF, the DC input supply is disconnected from the DC motor. 

The energy is stored in the internal inductance and the back EMF of the motor drives the internal current through 

a fast recovery diode. This condition is valid for CCM only. Both the internal current and the motor voltage will 

be always positive. The motor voltage however can be controlled from zero to the maximum rated voltage by 

altering the duty cycle of the switch. This makes a DC motor controllable over a wide range of speeds. 
 

2.2. Modelling of DC chopper 

Generally, a model of a DC chopper can be developed using the operation modes and current 

conduction modes of the converter. There are three operation modes have been considered for the converter 

over a full switching cycle and these modes are illustrated in Figures 3(a)-3(c). The state variables will describe 

the dynamic behavior of a chopper-fed DC motor based on the switching states of SW1 and the diode D1. 

Considering the waveform characteristic of armature current conducted through the DC motor, the model will 

be derived based on the current conduction modes of the converter in CCM and DCM. The gate switching 

voltage for switch Vg, the motor voltage Va, and the motor current Ia waveforms of chopper-fed DC motor in 

CCM and DCM are shown in Figures 4(a) and 4(b), where Imax and Imin are the maximum values and minimum 

value of the motor current respectively. 
 
 

 
 

Figure 2. Buck converter DC motor drive with first quadrant operation 
 

 

   
(a) (b) (c) 

 

Figure 3. Operating modes of chopper-fed DC motor: (a) Mode 1: SW1 ON, D1 OFF,  

(b) Mode 2: SW1 OFF, D1 ON, and (c) Mode 3: SW1 OFF, D1 OFF 
 

 

  
(a) (b) 

 

Figure 4. Switching state, armature voltage, and armature current: (a) CCM and (b) DCM 
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3. SIMULATION OF PEAK DCM ARMATURE CURRENT 

In order to analyze the value of peak armature current, a powerful simulation tool software is required. 

The simulation setup is carried out using the MATLAB/Simulink software. MATLAB/Simulink was chosen 

because it has powerful and modern features. 

 

3.1. Simulation results 

Through Simulink, the circuit design can be created, and the desired output waveforms can be viewed 

clearly. In addition, a real-time simulation offered in MATLAB/Simulink is used to predict and characterize 

the behavior of inputs and outputs in an actual hardware implementation. The simulation circuit model for the 

chopper-fed DC motor drive is shown in Figure 5. The converter consists of input supply VD, buck subsystem, 

and output parameters. The subsystem consists of a buck converter and DC motor model. The gating signal Vg 

is the pulse generated by the duty cycle d and the PWM generator block. The simulation was performed at 

fixed input voltage and fixed switching frequency. In the simulation, the circuit was assumed to operate in ideal 

circuit parameters. The simulation was also conducted in no load condition without any load attached to the 

motor (TL = 0). There is no feedback controller required since the chopper-fed DC motor was operating in the 

first quadrant, and its speed was determined directly by the duty cycle. 

 

 

 
 

Figure 5. Simulation circuit model in MATLAB/Simulink 

 

 

The input voltage was set to 24 V and the PWM gating signal were varied from minimum 0 to 

maximum 1. The simulation results for no-load condition are displayed in the following figures. The switching 

frequency was fixed at 1kHz. The motor voltage, the input current and the motor current waveforms for the 

simulation circuit are displayed in Figure 6(a) and Figure 6(b) at k = 0.2 and k = 0.4 respectively. 

In the above two plots, the motor armature current waveforms show that the chopper-fed DC motor 

operates in DCM. At the beginning of SW1 ON, the armature current rises up slowly from zero to peak value 

until it is OFF. The armature current continues to flow in a short time but abruptly drops to zero due to small 

value of armature inductance existed in DC motor. At the remaining period of time, during the switch is turned 

OFF, it returns to zero indicating that the converter is running in DCM. In Figures 6(a) and 6(b), by using the 

peak finder feature in MATLAB/Simulink, the peak armature current waveforms were recorded at 7.60 A when 

k = 0.2 and at 6.40 A when k = 0.4. The waveforms are shown in the intervals between 11.4765 s to 11.7295 s 

as the outputs were in a steady state condition during this period. 
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(a) 

 
(b) 

 

Figure 6. Waveforms for chopper-fed DC motor in DCM mode. From top to bottom: Vg, Va, Iin and Ia:  

(a) k = 0.2 and (b) k = 0.4 
 
 

4. EXPERIMENTAL VALIDATION 

Experimental validation involves conducting hardware circuitry tests to verify the performance and 

accuracy of a proposed prototype. The measured data based on the experimental setup are compared with the 

expected results to validate its reliability and performance. In practice, the actual switch is realized by using a 

power MOSFET which can be operated at a high current in several amperes. 

 

4.1. Experimental setup 

The circuit realization of Figure 5 employs a single quadrant switch. The switch only allows the power 

to flow in one direction, which is from the DC source to the load. Figure 7 shows the experimental setup of 

chopper-fed DC motor drive system. Experimental work was performed in a laboratory workbench to validate 

the previous simulation results. 
 

 

 
 

Figure 7. The experimental setup 
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The parameters of prototype are the same as used in the simulation section. The prototype is composed 

of chopper power stage circuit, PWM control circuit, DC motor, DC power supply and signal conditioning 

equipment. Two regulated DC power supplies were used, one supplying the chopper circuit and another one 

for PWM control circuit. The first DC power supply output was set at 12 V for PWM control circuit and the 

other power supply output at 24 V to the chopper circuit. The chopper circuit was built based on a high power 

and high speed MOSFET IRFZ44N combined with a high speed Schottky diode MUR860. The chopper setup 

was then fed with a DC motor. The voltage measurement was done using the Agilent N2791A differential 

probe while the input and the armature current measurements were done using the Tektronix A622 AC/DC 

current probe. All these measurements were then displayed on the Tektronix MD03024, a 4-channel digital 

oscilloscope. The speed of DC motor was obtained by reading and converting the frequency of pulse generated 

by an optical encoder Sunx PMT53B which is mounted on the shaft of the motor. 

 

4.2. PWM control methodology 

As we know, if the converter operates in DCM, the peak armature current can be controlled from zero 

to its maximum value. By taking consideration the variation of E, a control system can be designed to vary the 

duty cycle and produce the peak armature current at a certain value. The control system was developed so that 

the DC motor speed linearly changed when the duty cycle is adjusted. Since the DC motor was not attached to 

any load, the value of E will also change linearly. The method of control used is a pulse width modulation 

(PWM) and constant low frequency control as shown in Figure 8. 

The implementation of the control circuit was divided into two parts. The first part is using the Atmega 

328 microcontroller board to generate a periodic PWM signal, which was used as a gating signal to drive the 

power MOSFET by turning it ON and OFF alternately. The microcontroller board PWM pin was then 

connected to one of the differential probes so that the duty cycle and the frequency of PWM signal can be 

monitored using digital oscilloscope. The control circuit period was set to 1 ms, therefore the lower switching 

frequency can be obtained at 1 kHz. The second part of the control circuit consists of two integrated chip used 

as the drive circuit for the power MOSFET. The PWM signal for the switch which was generated by 

microcontroller was only at 5 V amplitude. It is required to level up the PWM signal to 12 V amplitude in order 

to charge and discharge the capacitance in MOSFET. The first MOSFET driver chip TC4427 did this job. Since 

chopper-fed DC motor converter has a MOSFET floating in the circuit, the second chip IR2101 was needed to 

provide floating reference for the MOSFET as shown in Figure 9. Only then the control PWM output signal 

can be fed into the switch through the driver circuits. 

 

 

 
 

Figure 8. Block diagram of constant low frequency control 

 

 

 
 

Figure 9. MOSFET driver circuit 
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4.3. Experimental results 

Table 1 lists the obtained experimental results of the converter at steady state condition. The results 

are based on measurements done using Agilent U1232A digital multimeters for rms motor voltage and rms 

motor current. The motor speed in rpm is determined by multiplying the recorded frequency of the encoder 

output signal with 60. The back EMF voltage is calculated by multiplying the motor speed with the back EMF 

constant. The peak armature current is recorded from peak-to-peak waveform displayed in the oscilloscope. 

By adjusting the duty cycle, a wide range of motor voltage, motor current and motor speed can be obtained. It 

is clearly shown that the motor voltage can be controlled from 0 to 22.10 V when duty cycle is varied between 

k = 0 to k = 1.0. The rms motor current varied from 0 to 1.20 A and the calculated motor speed were 0 to  

3150 rpm experimentally. 

The obtained results of the armature voltage, the total input current and the motor armature current of 

converter at different duty cycles operating in DCM are shown in Figure 10. In DCM, regardless of value of k, 

the minimum armature current is zero. The ultrafast diode has prevented the armature current from going to 

negative value. The recorded peak or maximum value occurred at t=ton during mode 1. The armature current 

decreased to zero again at t=tx during mode 2. At this point the armature voltage equals to the value of back 

EMF voltage as can be seen as flat line at lower duty cycles. Although the rms armature current Ia,rms does not 

show any significant increase when k is increased, we can see that the peak armature current Imax,DCM is 

extremely high at low duty cycles. The peak armature current magnitude is almost 6 to 7 times higher than the 

rms armature current. The peak armature currents show some declining pattern when k is increased but the 

magnitudes are still almost 4 to 5 times higher. As k increased, the peak armature current magnitude tends to 

be reduced to 4.0 A while its maximum value is at 7.80 A. This reduction results in the armature current to 

behave more stable and regulated while conducting in DCM. 
 

 

Table 1. Peak motor armature current measurements in DCM 
k Va, (V) Ia,rms, (A) n,(rpm) E, (V) Imax,DCM, (A) 

0 0 0 0 0 0 

0.1 6.00 0.74 573 4.00 7.80 

0.2 11.95 0.96 1596 11.15 7.79 
0.4 17.90 1.10 2484 17..35 6.20 

0.6 20.20 1.16 2862 19.99 5.22 

0.8 21.34 1.17 3021 21.10 4.59 
0.98 21.70 1.19 3078 21.50 4.49 

1 22.10 1.20 3150 22.00 4.00 

 
 

The measured waveforms of armature voltages and peak armature currents as depicted in the above 

figure has clearly shown that the converter operated in three modes as discussed in section 2.2. Practically, the 

interval time of mode 2 is very short and it depends on the value of k. At k = 1, the interval was 200 us while 

at k = 0.98 the interval was 40 us. This implies the time taken for armature current to become zero. Comparing 

results obtained in Table 1 with Figures 10(a) and 10(b), it comes to conclusion that the peak values of the 

armature current in the experimental results and the simulation results are very close to each other for duty 

cycle above 0.2. At k = 0.1, there is small different because the back EMF voltage differs around 2 V between 

simulation and experiment. Therefore, overall experiment results are consistent with the simulation part, which 

confirm the validity of the analysis presented in this paper. The simulated and experimental results of peak 

armature currents versus the duty cycle are represented by the curves shown in Figure 11. If we do the 

comparison between these two curves, we can see that the waveforms pattern of the peak armature current 

between experiment and simulation are almost the same each other. The pattern shows an almost nonlinear 

characteristic for these two waveforms. 

At higher duty cycles, from the experimental results waveforms, the back EMF voltage seems not so 

stable and keep changing as we can see in Figures 10(c)-10(f). Therefore, the readings taken for back EMF 

voltage is averaged over the whole period of time. The design of chopper-fed DC motor drive system is really 

applicable for low and light load power applications, such as low frequency power supplies and low power 

motor drives. For starting the DC motors at lower starting peak armature current, this system will do its job 

perfectly. In summary, the first quadrant chopper converter can be more effective when using a DC motor in 

any electric drive system. The main thing to be considered by designers is the peak armature current which 

appears to be quite high compared to the rms value. Figure 11 also shows the ripple content of armature current 

of the motor can be made lower by operating the converter at high duty cycles. The difference between 

simulated and experimental result are caused by the switching device losses and the nonlinearity characteristic 

of back EMF voltage. In the calculation, losses are negligible during the analysis since all the components are 

assumed to be ideal.  
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

 

Figure 10. Experimental waveforms at different duty cycles. From top to bottom: Vg (blue), Va (cyan), Iin 

(purple) and Ia (green): (a) k = 0.1, (b) k = 0.2, (c) k = 0.4, (d) k = 0.6, (e) k = 0.8, and (f) k = 0.98 

 

 

 
 

Figure 11. Comparison between the simulated (cal) and measured (exp) of peak armature current (Imax) in 

DCM at different duty cycles 

 

 

5. CONCLUSION 

In this paper, the analysis of peak armature current for the implementation of a chopper-fed DC motor 

drive system has been discussed in detail. The main focus in this paper is about to monitor the maximum 

armature current values that is produced at different duty cycles when the converter operating in DCM at light 

load. The model only used a single quadrant buck converter with a DC motor attached together. The peak 

armature current of this drive system is presented in computer simulation. The laboratory tests were tested at 

fix frequency in order to compare the peak armature current magnitude at variable duty cycles. The results 

show that the peak armature current changes with the change of duty cycles and the peak armature current 
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magnitude is decreased almost 50% at higher duty cycle values. Due to high peak armature current, the 

chopper-fed DC motor is more suitable for any electrical drive system running at low power applications. 
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