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 Brushless DC motors are widely used due to many advantages such as high efficiency and 

low inertia. However, one of the main drawbacks of this motor type is related to the 

commutation current ripple. This paper deals with this issue encountered during brushless 

DC motor (BLDCM) control, by using a PI regulator implemented in upstream of the 

motor inverter. For this purpose, a BLDCM transfer function is established using 

identification toolbox system, based on a step voltage motor response, and further used to 

tune the regulator parameters. In this work, the duty ratio is varied twice, one time during 

commutation instant and the second time during the conduction period, in order to control 

the non-commutated phase current, presented as an image of the absorbed input current. 

This fact refers to commutated phases current slope control. Simulation results show a 

significant current ripple reduction for BLDCM which has also been confirmed using an 

experimental low-cost platform based on the Arduino Mega controller. 
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1. INTRODUCTION 

 

Brushless DC motors (BLDCMs) are widely used due to 

their several advantages among which we can cite high 

efficiency, high power-to-volume ratio, long lifespan, low cost 

of maintenance, low rotor inertia, etc. [1, 2]. These 

characteristics are mandatory for different applications such as 

aerospace and medical applications, in addition to electric 

transportation industry, where high speed, fast response and 

high precision position control are required.  

BLDCM is a three-phase synchronous motor with 

permanent magnet rotor. As the name implies, the BLDCM 

does not use brushes for commutation, unlike the DC motor [3, 

4]. In fact, the commutation is achieved electronically by a 

three-phase half-bridge inverter. This inverter is composed of 

electronic switches (MOSFETs, IGBTs, etc.) which are 

responsible for feeding the appropriate motor phases. This 

control requires rotor position knowledge, which is ensured by 

Hall Effect sensors. 

BLDCM back-electromotive force (back-EMF) is 

trapezoidal in nature, which necessitates a Quazi-square 

current waveform for adequate control. The drive system of 

BLDCM is based on the Pulse Width Modulation (PWM) 

technique, where the motor speed is an image of the PWM 

signal duty ratio.  

However, one of the main drawbacks of BLDCM is the 

commutation current ripple that generates unwanted system 

vibration and acoustic noises. The current ripple can occur 

either from the inverter switching, or from the motor 

manufacturing, or from the motor structure [5]. Referring to 

the control source, switching the current from one phase to 

another generates a current ripple phenomenon since the 

incoming and outgoing current slopes are not equal. This 

difference in the incoming and outgoing current slopes is also 

related to the motor speed. 

Many researchers have proposed different methods to 

minimize current ripple to achieve high-motor performances. 

For instance, Ilhwan et al. have proposed methods based on 

modulating the incoming and outgoing phase current slopes at 

commutation period [6-8]. These methods differ in terms of 

current slope equalizing or falling and building up phase 

currents time equalizing. The efficiency of these methods, 

however, can be limited because, in some cases, one needs to 

distinguish between high and low speed operation. Besides, 

non- ideal variables of the BLDCM are also a source of the 

current ripple that has been alleviated by Lu et al. [9, 10]. 

These methods were developed for a non-ideal back-EMF and 

implemented based on PWM_ON_PWM mode of control [11-

15]. 

Some other studies, Xia et al. have developed current ripple 

minimization methods based on predictive control. These 

studies improved the current phase’s shapes by selecting the 

optimal switching state at a sampling time and applying it 

during the next sampling period [16, 17].  

Other works proposed current ripple reduction methods by 

controlling the DC-bus voltage at commutation periods [18-

21]. They have used respectively Cuk, Sepic Z-source and 

buck DC-DC converter topologies, added in upstream of the 

BLDCM inverter to control the input voltage for the current 

ripple reduction and power factor correction. Some of these 

topologies have been compared in related research [22-24], in 

terms of BLDCM speed behavior and harmonics.  

Multilevel inverters and modified converters topologies 

have also gained much attention for current ripple 

minimization. This is due to their advantages, compared to 

conventional topologies, such as less switching voltage stress 

and lower switching losses [25-28].  

Nevertheless, using such control strategies needs additional 
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devices and more adaptations of the global system. Moreover, 

to implement some of these control methods, a BLDC motor 

model is needed. Several models can be taken into 

consideration [29-31], however, all motor parameters are not 

always available or not well known, and sometimes it requires 

an advanced experimental platform for parameters 

identification. 

To overcome such drawbacks, our motivations in this paper 

is to add further contributions to the state of the art by 

proposing a methodology and techniques for BLDCM 

modeling and control synthesis to minimize current ripple. Our 

low-cost method uses a PI regulator, which presents numerous 

advantages [32], and only one current sensor placed on the 

input of the motor inverter. The proposed BLDCM modeling 

method is established using Matlab identification toolbox 

(Ident) and was experimentally performed with motor current 

response for a step voltage, using an experiment designed 

platform, constituted from an out-runner BLDCM and 

Arduino-based controlled inverter. 

 

 

2. BLDC OPERATION AND PROPOSED METHOD 

DESCRIPTION 
 

The BLDCM is a three-phase synchronous motor with 

trapezoidal back-EMF. Two phases are simultaneously 

conducting during each 60 electrical degrees. Since the DC-

supply is a constant voltage source, using PWM control 

strategy has been implemented for speed variation and current 

control. Different modes of control can be implemented 

whether with the H_PWM-L_ON, H_ON-L_PWM, ON-

PWM, PWM_ON or PWM-PWM, where the difference 

between these control modes is observed on the PWM 

controlled MOSFETs. The model of each BLDCM phase is 

simplified to a series connection of a phase resistance 𝑅, a 

phase inductance 𝐿 and a back-EMF 𝑒𝑥 (𝑥=a, b or c). These 

phases are connected to a three-phase half bridge inverter as 

illustrated in Figure 1. 

 

 
 

Figure 1. Model of BLDCM with three-phase half bridge 

inverter schematic 

 

Controlling MOSFETs state (conducting or not) is related 

to the rotor position which is known using Hall Effect Sensors 

( 𝐻𝑎 , 𝐻𝑏  𝑎𝑛𝑑 𝐻𝑐) . The current and back-EMF waveforms 

versus electrical degree 𝜃𝑒 are depicted in Figure 2, while Hall 

Effect sensors signals and triggered MOSFETs are presented 

in Table 1 and Table 2 respectively. 

 
 

Figure 2. Phase current and Back-EMF waveforms of 

BLDCM 

 

Table 1. Signal combination of Hall Effect sensors  

 
Electrical degree θ (°) Hall Effect sensors signals 

0≤ θ<60 Ha = 1, Hb = 0, Hc = 0. 

60≤θ<120 Ha = 1, Hb = 1, Hc = 0. 

120≤ θ<180 Ha = 0, Hb = 1, Hc = 0. 

180≤ θ<240 Ha = 0, Hb = 1, Hc = 1. 

240≤ θ<300 Ha = 0, Hb = 0, Hc = 1. 

300≤θ<360 Ha = 1, Hb = 0, Hc = 1. 

 

Table 2. Triggered MOSFETs of the inverter 

 
Electrical degree θ (°) Triggered MOSFETs 

0≤ θ<60 S1- S4 

60≤θ<120 S1- S2 

120≤ θ<180 S3- S2 

180≤ θ<240 S3- S6 

240≤ θ<300 S5- S6 

300≤θ<360 S5- S4 

 

Assuming that the phase resistances are equal, the phase 

inductances are constant, and the switching losses are 

neglected, the three-phase BLDCM voltage equation and 

Kirchhoff’s law can be expressed as (1) and (2): 

 

[

𝑉𝑎

𝑉𝑏

𝑉𝑐

] = [
𝑅 0 0
0 𝑅 0
0 0 𝑅

] [

𝑖𝑎

𝑖𝑏

𝑖𝑐

] + [
𝐿 0 0
0 𝐿 0
0 0 𝐿

]
𝑑

𝑑𝑡
[

𝑖𝑎

𝑖𝑏

𝑖𝑐

] + [

𝑒𝑎

𝑒𝑏

𝑒𝑐

]

+ [

𝑉𝑁

𝑉𝑁

𝑉𝑁

] 

(1) 

  

𝑖𝑎 + 𝑖𝑏 + 𝑖𝑐 = 0 (2) 

 

where, 𝑖𝑎 , 𝑖𝑏 , 𝑖𝑐  are the phase currents, and 𝑉𝑁 is the neutral 

voltage.  

The developed electromagnetic torque 𝑇𝑒  and the speed 

motion equations are depicted in (3) and (4) respectively: 

 

𝑇𝑒 =
𝑒𝑎𝑖𝑎 + 𝑒𝑏𝑖𝑏 + 𝑒𝑐𝑖𝑐

𝑤
 (3) 

  

𝐽
𝑑𝑤

𝑑𝑡
= 𝑇𝑒 − 𝑇𝐿 − 𝐵𝑤 (4) 

 

where, 𝑤 is the rotor mechanical angular speed (rad/s), 𝑇𝐿  is 

the resistive load torque (N.m), 𝐽 and 𝐵 are respectively the 

moment of inertia (kg/m) and damping factor (N.m.s/rad) [33, 

34]. 

As mentioned previously, two of the three phases are 

conducting. If we take, for example, the case where MOSFETs 

𝑆1 and 𝑆4 are conducting, and the commutation is done when 
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changing the state of MOSFETs 𝑆4 and 𝑆2 (𝑆4 becomes OFF 

and 𝑆2 becomes ON), the back-EMF of each phase is given as: 

𝑒𝑎 = −𝑒𝑏 = −𝑒𝑐 = 𝐸, where E refers to the phase back-EMF 

amplitude. In this case, Eq. (3) becomes: 

 

𝑇𝑒 =
2𝐸𝑖𝑎

𝑤
=

2𝐸𝐼_𝑚𝑜𝑡  

𝑤
 (5) 

 

where, 𝐼_𝑚𝑜𝑡 refers to the current absorbed from the DC power 

voltage. 

 

 

 

Figure 3. Current regulation using PI regulator block 

diagram 

 

From (5), it can be shown that torque ripple (and 

consequently the current ripple) is related to the non-

commutated phase. Hence, controlling the current ripple refers 

to controlling the non-commutated phase current, which 

denotes a control of the absorbed current from the DC-supply. 

Implementing a PI regulator to avoid such current ripple will 

be discussed in the next section using a BLDCM transfer 

function F(s) obtained from an experimental step response and 

Matlab system identification toolbox. Figure 3 illustrates the 

current regulation block-diagram. F(s) will be stated more 

specifically in the next section. 

K and Ti denote the PI controller proportional and integral 

parameters, respectively. D is the duty ratio calculated by the 

controller, Ds is the saturated duty ratio, e is the error between 

measured current I_mot and its reference I_ref, and I_mot is the 

response of the motor by duty ratio Ds. 

 

 

3. MATERIAL AND METHODS 

 

In order to perform experimental tests, an experiment 

platform has been designed using a low-cost micro-controller 

namely Arduino Mega board (Figure 4). It is composed of 

IRFP260 MOSFETs as semiconductor switches controlled by 

IR2110 drivers, and an ACS712-20A current sensor to 

measure the absorbed current. Data acquisition was done using 

a National Instrument NI USB-6259 card. Table 3 presents the 

BLDCM parameters. 

The BLDCM current response was acquired for a step 

voltage from 0V to 28V. Figure 5 presents the current and the 

voltage waveforms. 

Using the system identification Toolbox Ident of Matlab, 

based on nonlinear least square estimation method, the transfer 

function coefficients were extracted as shown in Figure 6. 

Changing the order of the obtained transfer function is an 

advantage given by the used method. In our case, a second 

order model showed close response with the experimental one. 

 

 
 

Figure 4. Designed test-rig 

 

 
 

Figure 5. Experimental current and voltage waveforms 

 

Table 3. BLDCM Parameters  

 
Parameters Value 

Power 500W 

Voltage 48V 

Speed 500rpm 

Resistance 0.25 Ω 

Inductance 9e-4 H 

Torque constant 1.1 

   
 

 
 

Figure 6. System identification editor windows 
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The resulting transfer function, where the system input is 

the DC voltage and the output is the absorbed current from the 

DC supply, is presented in Figure 7, while Figure 8 presents 

the simulation and experimental results for the same input (a 

step voltage from 0V to 28V).  

 

 
 

Figure 7. Transfer function representation for the used 

BLDCM 

 

 
 

Figure 8. Model and experimental responses for a step 

voltage input from 0V to 28V 

 

The results given by the transfer function and experimental 

data are in concordance. This transfer function is used for 

synthetizing the PI regulator. However, providing a zero by 

the PI regulator in the closed-loop transfer function can change 

the transient state of the system. To remedy this problem, the 

poles compensation method is more adapted for the PI 

regulator computation parameters. It consists on imposing the 

regulator zero equal to one pole of the controlled system 

transfer function in addition to a constant of time 𝛕 meeting 

the objectives set. Still, the numerator of the closed loop 

transfer function is related to parameters K and Ti. Hence, we 

chose to add trial & error method for PI corrector tuning. 

The chosen parameters, K = 10  and  Ti = 200  are the 

implemented values in what follows. Those parameters are 

implemented for simulation purpose to use them after for 

practical acquisition. The next section will present the global 

system, comprising in addition to the elements presented in 

Figure 1, the PI regulator and the current reference. 

 

 

4. RESULTS AND DISCUSSION 
 

MATLAB/Simulink environment was used to evaluate the 

proposed method in terms of BLDCM current ripple reduction. 

The proposed current ripple minimization controller was 

implemented for two different speeds, 100 and 200 rpm, using 

the synoptic presented in Figure 9.  

 

 
 

Figure 9. Regulation synoptic 

Simulation results are depicted in Figures 10 and 11 with 

and without the proposed method. 

From Figures 10 (a) and 11 (a), the phase current is 

presenting current ripples due to the outgoing and incoming 

commutating time mismatch. The proposed method allowed 

the suppression of such undesirable current ripples like 

presented in Figures 10 (b) and 11 (b).  

The effectiveness of the proposed control method is 

validated through experimental tests carried out using the 

platform presented in Figure 4. The obtained results are 

illustrated in Figures 12 and 13.  

From the previous results, it can be noticed that the phase 

currents are presenting significant current ripples in addition 

to current spikes before commutation instant. These current 

spikes can be explained by the not perfect positioning of the 

Hall Effect sensors on the brushless motor stator. 

Implementing the DC input current regulation has shown an 

important reduction of the current ripples and even current 

spikes. Figure 14 shows current ripple percentages with and 

without the proposed method. The reduction of current ripple 

is significant: 16% for 100 rpm and 23% for 200 rpm. 

 

 

 
 

Figure 10. Simulation results of phase current for 100 rpm 

motor speed: (a) with conventional motor control, (b) with 

the proposed method 

 

 

 
 

Figure 11. Simulation results of phase current for 200 rpm 

motor speed: (a) with conventional motor control, (b) with 

the proposed method 
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Figure 12. Experimental results of phase current for 100 rpm 

motor speed: (a) with conventional motor control, (b) with 

the proposed method 

 

 

 
 

Figure 13. Experimental results of phase current for 200 rpm 

motor speed: (a) with conventional motor control, (b) with 

the proposed method 

 

 
 

 

Figure 14. Current ripple percentages with and without using 

the proposed method 

 

 

5. CONCLUSION 
 

In this paper, a novel method of brushless DC motors 

modeling, using MATLAB system identification toolbox, for 

current ripple minimization is proposed.  

A PI regulator modifies the MOSFETs duty ratio to control 

the absorbed DC current during conduction and commutation 

periods. This fact makes incoming and outgoing phase 

currents respectively increase and decrease with the same 

slope during the commutation period. Hence, commutation 

current ripple is minimized, which induces a low torque ripple. 

The proposed method has the advantage of less components 

and does not require sophisticated platforms, since one current 

sensor is the only added device for such modeling and control 

purposes. Simulation results have shown significant current 

ripple reductions, and experimental validation was established 

using a low cost design BLDCM controller. This latter has 

presented a reduction of 12% and 23% of commutation current 

ripple respectively for 100 rpm and 200 rpm motor speeds 

when compared to conventional control method.  
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