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Abstract- An asymmetric three-level neutral point diode 
clamped converter for switched reluctance motor drives is 

proposed in this paper, The modulation method, DC-link voltage 
balancing algorithm, and current control scheme of this 
converter are presented. The proposed three-level converter is 
compared to the conventional asymmetric half bridge converter 
in terms of current ripple, cost, and power loss. The comparison 
results show that the proposed three-level converter has much 
lower current ripple and higher efficiency than the conventional 
two-level converter with a similar switching frequency. The 
effectiveness of the proposed converter is verified by simulation 
results. 

I. INTRODUCTION 

Switched reluctance motor (SRM) is an attractive alternative 

to induction and permanent magnet motors due to its simple 

rugged structure and low cost. In general, an SRM is driven by 

the asymmetric half bridge converter with current hysteresis 

controller, as shown in o. Under the same voltage rating, the 

winding inductance (both the aligned and unaligned 

inductance) decreases as the power rating of SRM increases. 

With lower inductance, either the switching frequency 

increases to keep the same current ripple or the current 

hysteresis band is increased to maintain the similar switching 

frequency. The increment of switching frequency or current 

ripple introduces higher switching loss of power devices, iron 

loss, as well as higher winding loss due to the skin and 

proximity effects. Also, it brings challenges in the design of 

the winding insulation and increases the electromagnetic 

interference (EMI) issues [1]-[2]. Therefore, the asymmetric 

half bridge is not a promising topology for the SRM with very 

low inductance. 

As compared to conventional two-level converters, 

multilevel converters have several advantages, such as lower 

magnitude of current ripple, lower power loss at high 

switching frequency, lower common-mode voltage, and lower 

EMI [3]. Due to these advantages, multilevel converters have 

gained popularity in medium-voltage applications. Several 

multilevel converter topologies have been reported, including 

cascaded H-Bridge converters, neutral point diode clamped 

(NPC) multilevel converters, flying capacitor multilevel 

converters, generalized multilevel converters, and mixed-level 

hybrid multilevel converters. Their operational principles, 

modulation methods, and application fields are investigated in 
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[3]. Although, multilevel converters are mainly used in high

power, medium-voltage application areas, they also present 

system-level benefits in low-voltage applications [4]. 

Considering the critical cost requirement in low-voltage 

applications, the NPC multilevel converter is the most 

attractive candidate. 

In [4], a IGBT based three-level NPC converter is compared 

with conventional two-level converters in terms of loss, loss 

distribution among semiconductors, common-mode voltage, 

reliability, and cost. The comparison results show that the 

three-level converter has much less loss when the switching 

frequency is above 4000 Hz. Also, three-level converters 

presents lower common-mode voltage and lower cost even 

though more number of power devices is required. In [5], the 

possibility to using MOSFETs in a three-level NPC converter 

is investigated and a special gate driver circuit is proposed to 

reduce the cost. In [6], a quasi-three-Ievel converter for SRM 

drives is proposed to reduce the rising and falling time of the 

phase current. In [7], a special multilevel converter for four

phase SRM drives is proposed. In order to increase or decrease 

the phase current rapidly, phase windings are magnetized or 

demagnetized using the boosting voltage. However the 

boosting voltage cannot be controlled directly and it varies 

with the phase current, rotor speed, winding inductance, and 

the electrical parameters of power devices. In [8], a family of 

asymmetric multilevel converters for SRM is presented, 

including cascaded asymmetry H-bridge converter, flying 

capacitor multilevel asymmetry converter, and neutral point 

diode clamped (NPC) multilevel asymmetric converter. 

However, since current hysteresis controller is applied, only 

one voltage level (either half voltage or full voltage) is applied 

during the operation of the motor. Therefore, it doesn't take 

the advantages of multilevel converter. 

E 

Fig. I. Asymmetry half bridge for three-phase SRM drives. 
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Fig. 2. The proposed asymmetry three-level NPC converter for SRM drives. 

In this paper, an asynunetric three-level NPC converter for 

SRM drive is proposed. The operational modes of this 

converter are analyzed in details. The pulse width modulation 

(PWM) method, DC-link voltage balancing algorithm, and the 

current control method of this converter are also presented. 

The proposed converter is compared to the conventional two

level converter in terms of the cost, power loss, and load 

current ripples. It is shown that the cost of the proposed 

converter is similar as the conventional two-level converter 

while the proposed converter reduces switching loss and load 

current ripple significantly. Moreover, with the proposed 

current control method, the dynamic response of the proposed 

converter is almost the same as the conventional current 

hysteresis regulation. 

II. OPERATIONAL PRINCIPLE OF THE PROPOSED 

ASYMMETRIC THREE-LEVEL NPC CONVERTER 

The proposed three-level NPC converter for three-phase 

SRM is shown in Fig. 2. The required blocking voltages of the 

main switches (TlX, T2X, T3X, and T4X, X=A, B or C) and 

clamping diodes (D3X, D4X) are half of the DC-link voltage 

(EI2). The required blocking voltages of D1 X and D2X are 

full DC-link voltage (E). There are nine operational modes for 

each phase which are illustrated in Fig. 3. For simplicity, all 

the power devices of the topology are assumed to be ideal 

devices. The detailed operational modes are listed as follows. 

Mode 1 (Fig. 3a): all the switches are turned on. The DC

link voltage E is applied to the phase winding and the load 

current flows through Tl, T2, T3 and T4. The diodes Dl, D2, 

D3, and D4 are blocked. No current flows into the neutral 

point and, therefore, the neutral point potential is unchanged in 

this mode. The phase voltage is E. 
Mode 2 (Fig. 3b): Tl, T2, and T3 are turned on while T4 is 

turned off. Diode D2 and D3 are blocked. The load current 

flows through Tl, T2, T3, and D4. Current flows into the 

neutral point and, therefore, the neutral point potential 

increases in this mode. The phase voltage is around 0.5E. 
Mode 3 (Fig. 3c): Tl and T2 are turned on. T3 and T4 are 

turned off. Load current flows through Tl, T2, and the 

freewheeling diode D2. Diode Dl, D3, and D4 are blocked. 

No current is injected into the neutral point. Therefore, the 

neutral point potential is unchanged in this mode. The phase 

voltage is O. 
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Mode 4 (Fig. 3d): Tl is turned off, while T2, T3 and T4 are 

turned on. Dl, D2, and D4 are blocked. Current flows through 

D3, T2, T3, and T4. The neutral point potential decreases in 

this mode because the current flows out from the neutral point. 

The phase voltage is around 0.5E. 
Mode 5 (Fig. 3e): Tl and T4 are turned off. T2 and T3 are 

turned on. Current flows through T2, T3, D3, and D4. Diode 

Dl and D2 are blocked. No current is injected into the neutral 

point; therefore the neutral point potential is unchanged in this 

mode. The phase voltage is O. 

Mode 6 (Fig. 3f): Tl, T3 and T4 are turned off. T2 is turned 

on. Current flows through D3, T2, and D2. Diode Dl and D4 

are blocked. Current flows out from the neutral point and, 

therefore, the neutral point potential decreases in this mode. 

The phase voltage is around -0.5E. 
Mode 7 (Fig. 3g): Tl and T2 are turned off. T3 and T4 are 

turned on. Current flows through T3, T4, and the freewheeling 

diode Dl. Diode D2, D3, and D4 are blocked. No current is 

injected into the neutral point; therefore the neutral point 

potential is unchanged in this mode. The phase voltage is O. 

Mode 8 (Fig. 3h): Tl, T2 and T4 are turned off. T3 is turned 

on. Current flows through Dl, T3, and D4. Diode D2 and D3 

are blocked. Current is injected into the neutral point, therefore 

the neutral point potential increases in this mode. The phase 

voltage is around -0.5E. 
Mode 9 (Fig. 3i): all the switches are turned off. Current 

flows through the freewheeling diode Dl and D2. Diode D3 

and D4 are blocked. No current is injected into the neutral 

point; therefore the neutral point potential is unchanged in this 

mode. The phase voltage is O. 

TABLEL 

Mode 

number 

I 
2 
3 
4 
5 
6 
7 
8 
9 

POSSIBLE STATES OF THE FOUR SWITCHES IN ONE PHASE 

T1 

I 
I 
I 
0 
0 
0 
0 
0 
0 

T2 

I 
I 
I 
o 
o 
o 

T3 T4 

I I 
I 0 
0 0 
I I 
I 0 
0 0 
I I 
I 0 
0 0 

u" Un 

E X 

0.5E 
0 X 

0.5E t 
0 X 

-0.5E t 
0 X 

-0.5E 
-E X 
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Fig. 3. Current flow of each state 

The phase voltage (uw) and the neutral point potential 

(un)under different modes are listed in Table I. The on and off 

state of the switches are denoted as "1" and "0", respectively. 

i represents the increase of voltage potential, 1 represents the 

decrease of voltage potential, and x represents no changes. 

There are five voltages for each phase. Different modes can 

produce the same voltage with different behaviors of the 

neutral point potential. In order to figure out which mode 

should be applied, the modulation scheme has to be developed. 

III. THE MODULA nON SCHEME AND CONTROL OF THE 

PROPOSED CONVERTER 

Two voltages are applied to the conventional current 

hysteresis control for SRM. However, there are five voltages 

in the proposed three-level NPC converter: -E, -0.5E, OV, 0.5E, 

and E. Therefore, current hysteresis control is not suitable for 
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three-level NPC converters, and PWM method should be 

applied. 

The modulation method of the three-level NPC converter is 

shown in Fig. 4. Four space sections are separated by five 

voltages, and a triangle carrier waveform is applied for each 

space section. The reference voltage (Urej) provided by the 

current controller is located in one of the sections. If Urej is 

higher than the carrier waveform, top voltage of this section 

should be applied. If Vrej is smaller than the carrier waveform, 

the bottom voltage of this section should be applied. 

After selecting the output voltage, the corresponding 

switching mode has to be determined. As shown in TABLE I. 

there are two modes (mode 6 and mode 8) can produce -0.5E 

and two modes (mode 2 and mode 4) can produce 0.5E. Mode 

8 and mode 2 increase the neutral point voltage. Mode 6 and 

mode 4 decrease the neutral point voltage. There are three 



modes (mode3, mode 5 and mode 7) can produce OV, and 

these three modes all don't influence the neutral point voltage. 

However, compared to other modes, mode 5 needs the least 

switching actions to switch to other non-zero voltages. In this 

case, mode 5 should be selected to produce voltage O. In sum, 

if the voltage is selected as -E, 0 or E, state 9, state 5 or state 1 

should be chosen respectively. If the voltage is selected as -

0.5E, and if the neutral point is below 0.5E, which means its 

voltage needs to be increased, then state 8 should be chosen, 

otherwise, state 6 should be chosen. If the voltage is selected 

as 0.5E, and if the neutral point is below 0.5E, state 2 should 

be chosen, otherwise state 4 should be chosen. In this way, the 

neutral point could be balanced around 0.5E. TABLE II. 

describes the method of selecting the switching mode. 

To control the phase current of SRM precisely, a current 

controller is needed to generate the reference voltage for the 

modulator. Neglecting the magnetic mutual coupling between 

the phases, the phase voltage equation of SRM can be obtained 

as 

. dlf/( B,i) 
U = Rl + ---'----'-

dt 
(1) 

where u is the phase voltage, R is the winding resistance, i is 

the phase current, 8 is the rotor position, and If! is the flux 

linkage profile, which is a function of i and 8. When the SRM 

is controlled digitally, and considering the one sample time 

delay of the digital PWM generator, a predictive current 

controller could be written as [9]: 

where T is the sample time, ire! is the reference current, 

8(k+2)=8(k)+2m-T and m is the electrical angular speed. 

IV. SIMULATION RESULTS 

The proposed converter is simulated in MA TLAB 

ISIMULINK to verify its effectiveness. The control diagram of 

the three-level NPC converter for SRM drives is shown in Fig. 

5. The speed controller is a conventional PI controller. The 

proposed current control algorithm and PWM method are 

applied. UDC and Un are the DC-link voltage and the neutral 

point voltage, respectively. A 12/8 2.05kW three-phase SRM 

is applied for the simulation. The DC supply voltage (E) is 

300V. The speed of the SRM is controlled at 2000RPM. The 

switching frequency is 10 kHz. 

The phase current and voltage waveforms obtained by using 

the proposed converter are shown in Fig. 6. For comparison, 

the conventional two-level converter with current hysteresis 

control is simulated by setting the 8A hysteresis band. The 

obtained phase current and voltage waveforms are shown in 

Fig. 7. It is shown that the proposed three-level NPC converter 

has a ripple current of only around 3A peak-peak-ripple with 

10 kHz switching frequency. However, the peak-to-peak 

current ripple is 8A and the maximum switching frequency is 

higher than 10 kHz. 
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Fig. 4. Modulation method of the NPC-Three level converter 
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Fig. 5. Control diagram of the NPC-three level converter for SRM drives 
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Fig. 6. Phase current (a) and voltage (b) of SRM driven by the proposed 
three-level NPC converter 
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V. COST AND Loss COMPARISON BETWEEN Two-LEVEL 

AND NPC-THREE LEVEL CONVERTERS FOR SRM 

The volt-ampere (VA) rating is applied to evaluate the costs 

of the converters for SRM drives [10]. The blocking voltage of 

the MOSFETs in the proposed topology is half of that in the 

conventional two-level converter. Although the number of 

MOSFETs in the proposed converter is doubled, the VDS of the 

MOSFETs is divided in half at the same time. Therefore, the 

total voltage ratings for the MOSFETs are the same. In 

addition, the current ratings of MOSFETs in both of the 

converters are the same. Therefore, the total V A rating of 

MOSFETs in the proposed converter remains the same as the 

conventional two-level converter. This indicates the cost on 

MOSFETs of the proposed converter is almost the same as the 

conventional two-level converter. 

The diodes DlX and D2X in Fig. 2 need to block the full 

voltage as they do in a conventional two-level converter. 

However, different from a conventional two-level converter, 

D 1 X and D2X are only used when the phase winding need to 

cut off and the current in the phase winding need to flow back 

to the DC-link. Therefore, the total V A ratings of the diodes 

DIX and D2X are smaller than those in the two-level 

converter. However, diodes D3X and D4X increase the VA 

rating of the proposed topology. By considering all the diodes 

in the topology, the V A rating of diodes of proposed converter 

is similar to the conventional two-level converter. This 

indicates that the cost of diodes in the proposed converter is 

almost the same as those in the conventional two-level 

converter. 

As an example, power devices of both the proposed 

converter and a two-level converter are selected for an SRM 

with 300V DC-link voltage. The rated phase current is 40A. 

The selected devices and the per-unit costs for the proposed 

converter and the two-level converter are shown in Table II. It 

can be found that though the proposed three-level NPC 

converter needs more devices, the total device cost can be 

similar to the two-level converter. Although the proposed 

converter requires twice amount of gate drives and an 

additional voltage sensor to balance the neutral point voltage, 

which increases the cost, it can save cost for the passive 

components such as EMI filter. The proposed converter needs 

two DC link capacitors with the same capacitance of a 

conventional converter, while the voltage rating is of the half. 

Therefore, the total costs of the two-level converter and three

level converter are similar. 

TABLE III. COSTS COMPARE BETWEEN TWO-LEVEL CONVERTER AND 
NPC-THREE LEVEL CONVERTER 

Part number 
Unit 

quantity total(USD) 
rice USD) 

Two-level 
IPW60R041C6 8.83575 6 53.0145 
STTH50W06S 2.04800 6 12.288 

converter 
65.3025 

Three-
IPP200N25N3 4.10488 12 49.26 
MBR40250 0.78546 6 4.7 

level NPC 
BYC20X-600P 0.91000 6 5.46 

converter 
59.42 

TABLE IV. MAIN PARAMETERS OF MOSFETs 

items 

VDS 

RDS(oll) 
VGS(lh) 
Qsw 

V Ia/eall 

IPW60R041C6 

650V 
49A 

0.03?n 
3V 

125nC 
5.4V 

IPP200N2SN3 

250V 
46A 

0.0175n 
3V 

13nC 
4.2V 

TABLE V. MAIN PARAMETERS OF DIODES 

items STTHSOW06S MBR402S0 BYC20X-600P 

VF 2.4V 0.97V 1.2V 

t� 34ns 35ns 35ns 

Q" 850nC 0 220nC 



As the decreasing of the voltage rating, the RDS(on) of the 

MOSFETs and VF of the diodes also decrease. Although more 

devices are applied in the proposed three-level NPC converter, 

the total conduction loss won't increase. Also, the switching 

speed of MOSFETs with lower voltage rating is much faster 

than that of higher-voltage MOSFETs, the switching loss can 

reduced. Moreover, as Q3X and Q4X only need to block half 

of the DC-link voltage, schottky diodes with very low reverse 

recovery are available. This brings even lower switching loss. 

Therefore, the power loss of the proposed method can be 

smaller than that of the two-level converter. 

The main parameters of the MOSFETs and diodes are 

obtained from their datasheets and are listed in TABLE IV. 

and TABLE V. Based on these parameters, the conduction and 

switching loss of two-level and three-level converters could be 

estimated. The switching loss estimation method is take from 

[11]. The reverse recovery loss of diodes per switching action 

is estimated by W RR=QRRx VIN, where V/N is the voltage on the 

diode before switching actions. To estimate the power loss of 

the two converters, a 2.05 kW SRM is controlled to run at 

2000RPM with the reference current of 40A and 20A 

respectively in MA TLAB/ SIMULINK. The three-level NPC 

converter is controlled by the proposed PWM method and the 

proposed current controller with the switching frequency of 10 

kHz. The two-level converter is controlled by the hysteresis 

controller with the hysteresis band of 8A. Fig. 8a shows the 

switching loss and conduction loss when the reference current 

is 40A. Fig. 8b shows the switching loss and conduction loss 

when the reference current is 20A. 

Fig. 8 shows that the two-level converter and three-level 

converter has almost the same conduction loss while three

level converter has much less switching loss at the reference 

current of both 20A and 40A. This indicates that three-level 

converter is capable to run at higher frequency than 

conventional two-level converter, which will lead to much 

better current waveform and lower iron and AC copper losses. 
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Fig. 8. Loss comparison between two-level and three-level converters when 
the reference current is 40A(a) and 20A(b). 

VI. CONCLUSIONS 

In this paper, a three-level NPC converter for SRM drives is 

proposed. The PWM method with DC voltage balancing 

algorithm and the current control method are also presented. 

The proposed converter is compared to the conventional two

level converter in terms of cost and power loss. It indicates 

that the costs of these two converters are similar but the loss of 

the proposed converter is smaller. In addition, with similar 

switching frequency, the current ripple of the proposed 

converter is much smaller than that of the two-level converter. 

The simulation results show that the proposed three-level 

converter is very promising in the low-voltage and high-power 

SRM drives. 
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