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ABSTRACT
  This article represents the torque ripple performance of modular multilevel converter (MMC) fed brushless dc 
(BLDC) motor using different current control technique. For reducing the ripple current in BLDC motor, a 
phase-modulated model predictive control (PMMPC) technique has been proposed. The stator ripple current is 
almost negligible using PMMPC. This PMMPC current control method is a significant minimization of torque ripple 
in BLDC motor. A comparative torque ripple behaviour of MMC fed BLDC motor has been done using phase-modulated 
model predictive control, model predictive control (MPC) and proportional integral (PI) control at different switching 
frequency. It has been observed that a PMMPC current control technique is more efficient as compared to the MPC 
as well as PI current control technique. It has also been observed that the torque ripple performance is improved 
while using PMMPC as compared to the MPC and PI controller. Simulation results have been verified with the help 
of experimental result and these results are obtained in good agreement to the simulated results.

      Keywords:Phase modulated model predictive control (PMMPC); Torque ripple; Modular multilevel 
converter (MMC); Brushless DC (BLDC) moto

INTRODUCTION
  The Brushless DC (BLDC) motor has been implemented in various application due to its numerous advantages 
likes, higher efficiency, steady-state response, high reliability, small size, and low-cost maintenance etc., [Cui, C. et 
al., 2015; Shao, J., 2006]. Nowadays, BLDC motor is very demanding due to electric vehicle market. This motor has 
following characteristics like quasi rectangular current waveforms, trapezoidal electromotive force, as shown in 
figure 1. The armature current is not commutated immediately because of its armature winding inductance. This 
armature winding is responsible for ripple in armature current which leads the torque ripple. This ripple is major 
downside of BLDC motor, as result deteriorate the performance, generates the noise, oscillation and vibration [Kim, 
H. et al., 2015]. Improvement of execution of this motor is very challenging for researchers nowadays. The several 
techniques are implemented to resolve this problem in BLDC motor. Many researchers have been improved the 
performance via modification of circuit, different control technique etc. A different hybrid converter circuit [Viswanathan, 
V. et al., 2015] has been used to improve the torque ripple performance. In this technique, a dc-dc converter is 
connected with different converter for controlling the speed by regulating the supply voltage, which leads to the 
suppression of ripple current. A buck converter is used with a modified converter topology to improve torque ripple 
[Krishnan, G. et al., 2014]. For reducing the ripple current in BLDC motor, SEPIC converter is used with hybrid 
circuit topology for getting desired dc-link voltage [Viswanathan, V. et al., 2018]. A multilevel converter is used in 
place of 2 level converter for getting the better response of BLDC motor. A cascaded H bridge converter is used  
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to get improved performance of BLDC motor [Doss, M. A. et al., 2013]. A hybrid Sic based neutral point clamp 
(NPC) multilevel converter is used with SEPIC for getting the desired response [Viswanathan, V. et al., 2017]. 
Performance and behaviour of BLDC motor are improved

    Figure 1. Ideal case of BLDC motor                              Figure 2. MMC fed BLDC motor

using these modified converters. A different control technology has also been proposed in recent years for improving 
the torque ripple performance of BLDC motor. Several PWM method has been used to reduce ripple current likes 
PWM chopping, space vector modulation (SVM), and overlapping method [Baszynski, M. et al., 2018; Lad, C. K. et 
al., 2018]. The duty ratio is controlled by controlling the PWM algorithm to enhance the performance of BLDC 
motor [Lee, Y., 2019]. A direct torque control technique is applied to remove the torque ripple. In this method, rotor 
position error has been reduced using a hall sensor which leads to the improve the performance of torque ripple 
[Ozturk, S. B. et al., 2011]. Nowadays, Current control strategy is very beneficial for different application [ Irum, M. 
et al., 2020; Sarkar, P. et al., 2020]. So these current control strategies have also been proposed for improving ripple 
current. A dead-beat current controller is implemented to control the torque ripple. In this method, equate the slope 
of incoming and outgoing stator current for reducing the torque ripple. [Song, J.H. et al., 2004]. Adaptive feedback 
linearization control technique is reported for control the torque ripple and also very helpful to control the motor 
parameter variation like stator inductance and resistance [ Boroujeni, M.S. et al., 2017]. A fuzzy control method is 
implemented to control the ripple current for improving the performance of the BLDC motor [Yaya, S. et al., 2009]. 
A hybrid PI fuzzy-based control technique is reported for controlling the speed and commutated torque ripple 
[Manikandan, R.et al., 2013]. Nowadays, a predictive control strategy has been studied. 

  This technique is beneficial to increase the performance of any system. A useful result has been 
developed with multilevel converter using model predictive control strategy [Liu, X. et al., 2019; Vasiladiotis, 
M. et al., 2019]. In this control strategy, an optimal switching state behaviour has been observed from 
finite possible switching state variable, which is generated by a multilevel converter and applied for next 
sampling period [Rodriguez-Bernuz, J. et al. ,  2020]. A model predictive control strategy has been 
employed with multilevel converter. This control technique is a very advanced and efficient technique to 
be used in drives system.
  In this paper, a novel phase-modulated model predictive control technique for reducing the torque 
ripple of MMC fed BLDC motor has been proposed. A phase-modulated triangular carrier waveform 
analysis has shown. The torque ripple analysis has been done using PMMPC, MPC and PI current controller. 
An effect of torque ripple has also been done at different switching frequency. A comparative study of 
torque ripple and stator current of BLDC motor Has also been shown using above mention current control 
technique at different switching frequency. Experimental analysis has also done to validate the simulation 
result.   
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MATHEMATICAL ANALYSIS OF MODULAR MULTILEVEL CONVERTER (MMC) 
FED BLDC MOTOR 

  A typical BLDC motor coupled with half-bridge submodule modular multilevel converter, as mentioned in 
figure 2. The modular multilevel converter is one of the efficient converters as compared to other multilevel converters 
due to the presence of submodules. These submodules reduced the cost of converter as well as reduced the size of 
converter [Lei, M. et al., 2020]. There are different types of submodule used in MMC such as half-bridge submodule, 
full-bridge submodule, flying capacitance, neutral point clamp, etc. The half-bridge submodule is efficient as compared 
to other submodules [Jaiswal, R. et al., 2019; Li, J. et al., 2020].

By applying KVL in a given circuit,
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Figure 3 stator current analysis during different case

  In [Viswanathan, V. et al., 2017], the torque ripple analysis has been observed. There are different condition to 
avoid the torque ripple in BLDC motor. As, seen in figure 3, the Spikes and dips are available in current waveform, 
which is responsible for ripple. For reducing the spikes and dips in BLDC motor, the stator ripple current has to be 
reduced. The MPC technique is one of the advanced methods to overcome the ripple current in BLDC motor by 
making the Vdc close to equal to back emf.
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MODEL PREDICTIVE CONTROL
 Due to the inclusion of nonlinearity and system constraints, the model predictive control technique is one 
of the effective methods for power converter [Dekka, A. et al., 2019].  As compared to other control techniques, the 
MPC is better steady-state response and lower ripple. In this technique, future behaviour of system predicted by 
converting in a discrete system [Abdelkader, L., et al., 2019]. The cost function term is used to optimized the error 
by comparing the present value and past value and applied for next sampling state. In the case of power converter, 
the optimized switching state has been obtained from finite switching state and applied for next sampling state 
[Zarei, M. E. et al., 2020]. Cost function is denoted by J

   J = i(k + l) - i* (k + 1)              (6)

Where i(k + l)  is predicted value and i*(k + l)  is the reference value. Discrete analysis of MMC:  By applying 
desecrate system in (4)

(7)

(8)

(9)

 The model predictive control has some advantages, but there are some disadvantages too, which affects the 
performance converter and other systems. These disadvantages are nonlinearity, variable switching frequency, dealy 
and so on [Dekka, A. et al., 2019]. These disadvantages affect the output performance of power converter as well as 
generate the torque ripple in the BLDC motor. For improving the ripple current, the new phase-modulated model

Figure 4. Two state vector trajectory     Figure 5. Two sate vector analysis of triangular carrier predictive 
control technique has been proposed, which improves the torque ripple performance

PROPOSED PHASE-MODULATED MODEL PREDICTIVE CONTROL (PMMPC)
 The proposed method defined the two-switching vector state to an optimized cost function [Mahmoudi, H. 
et al., 2017; Tarisciotti, L. et al., 2014]. These vector state used to predict the future value of particular switching 
state from all possible state and implemented to the converter for next sampling state. This cost function is 
calculated by comparing the present and future value for both vector state and choose the optimized value. As 
depicted in figure 4, the two-state switching vector of the converter (xj). xj* is the reference value of xj and xj(k + 1) 
is the future value of xj(k). The xj1 and xj2 is the switching state vector of state one and two, respectively. These 
state vector should lie close to the reference value xj
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state vector 1 and state vector 2. The exact value of switching time can find utilizing duty cycle.For reduce the ripple 
current in BLDC motor, a new switching strategy has been developed. In this case, a triangular carrier waveform is 
used for getting proper output performance. As depicted in figure 5, triangular waveform rises to a maximum value 
(xtmax) during state vector 1 and fall back toward the reference value during the state vector condition 2 at the end of 
sampling period. Moreover, the carrier wave fell beyond the reference value and reach the minimum value (xtmin).

  The error has been calculated by the difference between the reference value(Ɛ1
+) and maximum value (Ɛ2

+). 
This error is known as positive error (Ɛ1

+- Ɛ2+ = xj
*- xtmax). Similarly, the error has been calculated when the state 

fell during state vector condition 2. This error is known as a negative error (Ɛ1
-- Ɛ2- = xj

*- xtmin). These positive and 
negative errors almost equal and they are cancelled out, which leads to output waveform close to a reference value. 
Similarly, phase shift PWM modulation is used to analysis with the help of two state vector switching condition. In 
this case, each triangular waveform is shifted by (360/ø) degree to generate the gate signal, which is applied in the 
converter. The triangular waveform is chosen based on the number of submodules used in MMC.

RESULTS AND DISCUSSION
 T he torque ripple suppression analysis of MMC fed BLDC motor has been studied with the help of different 
current control strategy. All the analysis has been done MATLAB/Simulink. The BLDC motor stator resistance and 
inductance is 2.8750 Ω and 8.50mH. The rated torque and speed are 2.5 Nm and 800 r/min. The flux linkage established 
by magnets is 0.1750 V. s. These BLDC motor parameters is used to analysis the performance. Comparative 
performance of phase-modulated model predictive control (PMMPC), model predictive control (MPC) and proportion 
integral (PI) control technique has analysed. The torque ripple and stator current of BLDC motor has been shown at 
switching frequency 2kHz, 4kHz, 8kHz, as seen in figure 6, figure 7 and figure 8. It has been noticed that the torque 
ripple is 36%, 48% and 69% for PMMPC, MPC and PI controller respectively, at switching frequency 2kHz. If the 
switching frequency increases, then a large amount of torque ripple will reduce due to reduction of power loss in 
MMC circuit. Similarly, the torque ripple is 29%, 42% and 63% for PMMPC, MPC and PI controller respectively at 
switching frequency 4kHz. The torque ripple is 22%, 27% and 46% for PMMPC, MPC and PI controller at switching 
frequency at 8kHz. The overall comparisons of current controller, PMMPC has best torque ripple performance as 
compared to other control technique.

     (a)        (b)        (c)

Figure 6 Torque and phase current at 2kHz for (a) PMMPC (b) MPC (c) PI controller

     (a)        (b)        (c)
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      (a)    (b) (c)

Figure 8. Torque and phase current at 8kHz for (a) PMMPC (b) MPC (c) PI controller

EXPERIMENTAL RESULTS
  The proposed method is tested and verified with the help of prototype hardware setup. The model predictive 
control algorithm is applied in dSPACE DS 1106 and PWM control algorithm is applied in dSPACE DS 5203 board. 
The generated switching pulses are fed to the driver

     (a)        (b)        (c)

Figure 9. Experimental torque and phase current at 8kHz for (a) PMMPC (b) MPC (c) PI controller

Table 1. Torque ripple behaviour for different controller

circuit. A torque sensor has been used for the measurement of torque of BLDC motor system.  

Switching frequency

8kHz

4kHz

2kHz

PMMPC

22

29

36

MPC

27

42

48

PI

46

63

69

Simulation Results
Torque ripple (%)

Experimental Results
Torque ripple (%)

PMMPC

31

38

44

MPC

39

55

62

PI

60

75

89
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  All the experimental results are obtained with the help of digital storage oscilloscope. The torque ripple and 
current waveform have been obtained for different controller at switching frequency 2kHz, 4kHz, 8kHz, as seen in 
figure 9. All the results are close to the simulation results. It has been observed that the torque ripple performance is 
improved while using proposed phase modulated model predictive control technique as compared to the model 
predictive control and proportional integral control techniques. Again, it is justified with software results. A comparative 
simulation and experimental analysis for different controller has shown at different switching frequency in Table 1. 
These experimental results are shown the efficient torque ripple performance of BLDC motor while using proposed 
phase modulated model predictive control technique.

CONCLUSION
  A phase-modulated model predictive current control technique is proposed to reduce the torque ripple in BLDC 
motor. The output result of PMMPC is superior to the MPC and PI controller. The PMMPC has constant switching 
frequency due to inclusion of modulation technique which improves the torque ripple performance. Torque ripple 
performance is shown with PMMPC, MPC and PI current control strategy at different switching frequency. It has 
been noticed that the torque ripple performance is superior for PMMPC as compared to the MPC and PI control 
technique. It has also been found that the torque ripple will decrease if the switching frequency increases. The 
performance of stator current is much better in case of PMMPC as compared to the MPC and PI controller. The 
stator current has lower spikes in case of PMMPC, which improves the torque ripple. The experimental analysis has 
done to validate the simulation results and these experimental results are obtained close to simulation results.
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