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An Asymmetric Three-Level Neutral Point Diode
Clamped Converter for Switched Reluctance
Motor Drives
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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, the dc-link
voltage balancing algorithm, and the current control scheme of
this converter are presented. The proposed three-level converter is
compared with the conventional two-level asymmetric half-bridge
converter in terms of cost, current ripple, noise, and power losses.
Compared to the conventional two-level converter, the proposed
three-level converter has much lower current ripple, lower noise,
and higher efficiency. The effectiveness of the proposed converter
is verified by both simulation and experimental results.

Index Terms—Current control, pulse width modulation (PWM),
switched reluctance motor (SRM) ,three-level converter.

I. INTRODUCTION

WITCHED reluctance motor (SRM) is an attractive alter-
S native to induction and permanent magnet motors due to
its simple rugged structure and low cost [1]-[3]. In general, an
SRM is driven by the asymmetric half-bridge converter with
the current hysteresis controller, as shown in Fig. 1. Under the
same voltage rating, the winding inductance (both the aligned
and unaligned inductance) decreases to obtain the larger phase
current as the power rating of SRM increases. With lower induc-
tance, either the switching frequency increases to keep the same
current ripple or the current hysteresis band is increased to main-
tain the same switching frequency. The increase of the switching
frequency or current ripple introduces higher switching losses
of power devices, iron losses, as well as higher winding losses
due to the skin and proximity effects. Also, it brings challenges
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Fig. 1. Conventional asymmetric half bridge for three-phase SRM drives.

in the design of the winding insulation and increases the elec-
tromagnetic interference (EMI) issues [4]-[6]. Therefore, the
asymmetric half bridge is not a promising topology for high
power SRMs with very low inductance.

As compared to conventional two-level converters, multilevel
converters have several advantages, such as the lower magnitude
of current ripple, lower power losses at high switching fre-
quency, lower common-mode voltage, and lower EMI [7]. Due
to these advantages, multilevel converters have gained popular-
ity in medium-voltage applications. Several multilevel converter
topologies have been reported, including cascaded H-Bridge
converters, neutral point diode clamped (NPC) multilevel con-
verters, flying capacitor multilevel converters, generalized mul-
tilevel converters, mixed-level hybrid multilevel converters, etc.
Their operational principles, modulation methods, and applica-
tion fields are investigated in [7]. Although, multilevel convert-
ers are mainly used in high-power medium-voltage applications,
they also present system-level benefits in low-voltage applica-
tions [8]. Cascaded H-Bridge converters need extra independent
dc sources, and flying capacitor converters need considerable
amount of voltage sensors. Therefore, considering the critical
cost requirement in low-voltage applications, the NPC multi-
level topology is the most attractive candidate for three-level
converters [9].

In [8], an NPC three-level converter with IGBTs is com-
pared with conventional two-level converters in terms of power
losses, loss distribution among semiconductors, common-mode
voltage, reliability, and cost. The comparison results show that
the three-level converter has much less total losses when the
switching frequency is above 4000 Hz. Also, three-level con-
verters present lower common-mode voltage and lower cost al-
though more power devices are required. In [10], the possibility

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 2. Proposed asymmetric NPC three-level converter for three-phase SRM d
of using MOSFETs in a NPC three-level converter is investigated
and a special gate driver circuit is proposed to reduce the cost. In
[11], a quasi-three-level converter for SRM drives is proposed
to reduce the rising and falling time of the phase current. In
[12], 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 us-
ing the boosting voltage. However, the boosting voltage cannot
be controlled directly and it varies with the phase current, ro-
tor speed, winding inductance, and the electrical parameters of
power devices. In [13], a family of asymmetric multilevel con-
verters for SRM are presented, including the cascaded asymmet-
ric H-bridge converter, the flying capacitor multilevel asymmet-
ric converter, and the NPC multilevel asymmetric converter. In
[14], an asymmetric NPC five-level converter and an asymmet-
ric modular five-level converter are proposed for SRM drives.
However, since the current hysteresis controller is adopted, only
one voltage level is applied on the motor winding. Therefore, it
does not take the advantages of multilevel converters.

In this paper, a novel asymmetric three-level NPC converter
for SRM drives 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 presented. The pro-
posed converter is compared with the conventional two-level
asymmetric half-bridge converter in terms of cost, current rip-
ple noise, and power losses. It is shown that the cost of the
proposed converter is similar to the conventional two-level con-
verter. In addition, the proposed converter reduces current ripple
as well as switching losses significantly. Moreover, with the pro-
posed current control method, the dynamic response of the pro-
posed converter is almost as fast as that of the current hysteresis
regulation.

II. OPERATIONAL PRINCIPLE OF THE PROPOSED ASYMMETRIC
NPC THREE-LEVEL CONVERTER

The proposed NPC three-level converter for three-phase SRM
drives is shown in Fig. 2. The required blocking voltages of the
main switches (T1X, T2X, T3X, and T4X, X=A, B, or C)

rives.

and clamping diodes (D3X, D4X) are half of the dc-link voltage
(E'/2). The required blocking voltages of D1X and D2X are full
of the dc-link voltage E. There are nine operational modes for
each phase leg, which are illustrated in Fig. 3. For simplicity,
all the power devices of the topology are assumed to be ideal
devices. The possible modes of the four switches in one phase is
illustrated in Table I. The phase voltage w,, and the neutral point
potential u,, under different modes are also listed in Table I. The
ON and OFF states of the switches are denoted as 1 and 0, respec-
tively. T represents the increase of potential, | represents the
decrease of potential, and x represents no changes. There are
five voltages for each phase. Different modes produce the same
voltage with different behaviors of the neutral point potential.
In order to determine which mode should be applied, the mod-
ulation scheme has to be developed. The detailed operational
modes are explained as follows.

Mode 1 [Fig. 3(a)]: All the switches are ON. The dc-link
voltage FE' is applied to the phase winding and the load current
flows through T1, T2, T3, and T4. The diodes D1, D2, D3,
and D4 are blocked. No current flows into the neutral point.
Therefore, the neutral point potential is unchanged in this mode.
The phase voltage is E.

Mode 2 [Fig. 3(b)]: T1, T2, and T3 are ON. T4 is OFF. Diodes
D1, D2, and D3 are blocked. The load current flows through T1,
T2, T3, and D4. Current flows into the neutral point. Therefore,
the neutral point potential increases in this mode. The phase
voltage is around 0.5F.

Mode 3 [Fig. 3(c)]: T1 and T2 are ON. T3 and T4 are OFF.
Load current flows through T1, T2, and the freewheeling diode
D2. Diodes D1, 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 0.

Mode 4 [Fig. 3(d)]: T1 is OFF. T2, T3, and T4 are ON. D1,
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 0.5 F.

Mode 5 [Fig. 3(e)]:T1 and T4 are OFF. T2 and T3 are turned
ON. Current flows through T2, T3, D3, and D4. Diodes D1 and
D2 are blocked. No current is injected into the neutral point.
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Fig. 3.
(i) Mode 9.

Therefore, the neutral point potential is unchanged in this mode.

The phase voltage is 0.

Mode 6 [Fig. 3(f)]: T1, T3, and T4 are OFF. T2 is ON. Current
flows through D3, T2, and D2. Diodes D1 and D4 are blocked.
Current flows out from the neutral point. Therefore, the neutral
point potential decreases in this mode. The phase voltage is

around —0.5F.
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Operational modes of the proposed converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7. (h) Mode 8.

Mode 7 [Fig. 3(g)]: T1 and T2 are OFF. T3 and T4 are ON.

Current flows through T3, T4, and the freewheeling diode D1.

Diodes 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 0.

Mode 8 [Fig. 3(h)]: T1, T2, and T4 are OFF. T3 is ON. Current

flows through D1, T3, and D4. Diodes D2 and D3 are blocked.
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TABLE I
POSSIBLE MODES OF THE FOUR SWITCHES IN ONE PHASE

Mode number T1 T2 T3 T4 Uy Up
1 1 1 1 1 E X
2 1 1 1 0 0.5F )
3 1 1 0 0 0 X
4 0 1 1 1 0.5F 1
5 0 1 1 0 0 X
6 0 1 0 0 —0.5F l
7 0 0 1 1 0 X
8 0 0 1 0 —0.5F T
9 0 0 0 0 —-F X

Current is injected into the neutral point. Therefore, the neutral
point potential increases in this mode. The phase voltage is
around —0.5F.

Mode 9 [Fig. 3(i)]:All the switches are OFF. Current flows
through the freewheeling diodes D1 and D2. Diodes 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 0.

III. CosT COMPARISON BETWEEN THE TWO-LEVEL AND THE
PROPOSED NPC THREE-LEVEL CONVERTER FOR SRM

The volt-ampere (VA) rating is often adopted to evaluate
the costs of the converters for SRM drives [15]. The blocking
voltage of the switches in the proposed topology is half of that
in conventional two-level converter. Although the number of
switches in the proposed converter is doubled, the total voltage
ratings of switches are the same for these two converters. In
addition, the current ratings of switches in both of the converters
are the same. Therefore, the total VA rating of switches in the
proposed converter remains the same as that of the conventional
two-level converter. This indicates the cost on switches of the
proposed converter is almost the same as that of the conventional
two-level converter.

The diodes D1X and D2X in Fig. 2 need to block the full
voltage as they do in the conventional two-level asymmetric
half-bridge converter. However, different from a conventional
two-level converter, D1X and D2X are only used when the phase
winding needs to cut off when the current in the phase winding
need to flow back to the dc link. Therefore, D1X and D2X could
be selected according to the peak repetitive forward current
Ivgry instead of average forward current [y . In this comparison,
the current rating Ir of the diodes D1X and D2X is selected as
half of that in the conventional two-level converter. However,
diodes D3X and D4X have to provide the free-wheeling current
path for the proposed converter, which increases the VA rating
of the proposed topology.

Table II gives the comparison of the VA ratings of switching
devices and diodes between the proposed three-level converter
and the conventional two-level converter. [ is the rated phase
current. It is shown that their total VA ratings on both switching
devices and diodes are the same. This indicates that the cost of
power devices in the proposed converter is almost the same as
those is in the conventional two-level converter.

TABLE II
VA RATINGS COMPARISON
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Two-level Three-level
rating  amount total rating amount total
Switches ExI 6 6E xI 05ExI 12 6E x I
Switches Total 6F x 1 6F x I
DI1X,D2X ExI 6 6E xI Ex0.51 6 3E x I
D3X,D4X ExI 0 0 0.5E x I 6 3E x 1
Diodes Total 6F x 1 6 x I

The proposed converter needs two dc bus capacitors. The
capacitance of each capacitor has to be doubled to maintain
the same voltage ripple on the dc link. However, compared to
two-level converter, the capacitor voltage rating is divided in
half. Therefore, total energy storage of dc capacitors is the same
and the cost on capacitors for the proposed converter is not
increased.

Although the proposed converter increases the cost because of
more gate drivers and an additional voltage sensor to control the
neutral point potential, the cost of passive components such as
EMI filters can be reduced. Therefore, the costs of the two-level
converter and proposed three-level converter would be similar.

IV. MODULATION METHOD OF THE PROPOSED CONVERTER

Two-phase voltages are used by the conventional current hys-
teresis control for SRM. However, there are five-phase voltages
in the proposed NPC three-level converter: —F, —0.5F,0,0.5E,
and E. Therefore, the current hysteresis control is not suitable
for the NPC three-level converters, and a PWM method should
be developed.

A. Basic Modulation Method

The basic modulation method for the NPC three-level con-
verter is shown in Fig. 4. As is shown, four space sections are
formed by five-phase voltages, and a triangle carrier waveform
is applied for each space section. There is T'/2 shift between
these triangle waveforms, where 7' is the switching period. The
reference voltage wu,. provided by the current controller is lo-
cated in one of the sections. If u,.¢ is higher than the carrier
waveform, the top voltage of this section is applied. If u,¢r 1S
lower than the carrier waveform, the bottom voltage of this sec-
tion is applied. The shifted carrier waveforms provide minimum
switching actions when wu,.; is both positive and negative.

After selecting the output voltage, the corresponding switch-
ing mode has to be determined. As shown in Table I, two modes
(mode 6 and mode 8) can produce —0.5F and two modes (mode
2 and mode 4) can produce 0.5F. Mode 8 and mode 2 increase
the neutral point potential u,,. Mode 6 and mode 4 decrease u,, .
There are three modes (mode3, mode 5, and mode 7) which
can produce 0 V, and these three modes do not have impact
on the neutral point potential. However, compared to the other
modes, mode 5 needs the least switching actions to switch to
other nonzero voltages. Therefore, mode 5 is selected to produce
voltage 0. As a summary, if the voltage is selected as —F, 0, and
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TABLE III
METHOD OF SELECTING THE SWITCHING MODES

Mode Voltage
—-FE —-05E 0 O05E FE
u, >0.5F 9 6 5 4 1
<0.5F 9 8 5 2 1

E, modes 9, 5, and 1 should be selected correspondingly. If the
output voltage is selected as —0.5F, and the neutral point po-
tential is below 0.5 F, mode 8 should be selected to increase the
neutral point potential; otherwise, mode 6 should be selected to
reduce the neutral point potential. Similarly, if the output voltage
is selected as 0.5, and the neutral point is below 0.5F, mode
2 should be selected, otherwise mode 4 should be selected. By
using this algorithm, the neutral point potential can be balanced
around 0.5F. Table III describes the method of selecting the
switching modes.

For the digital implementation of the modulation method,
switching action should be avoided when signals being
sampled—such as current, voltage, and position. Therefore, as
shown in Fig. 4, signals are sampled at ¢(k),k =0,1,2,....
The duty ratio is also updated at this time. Since charging or
discharging the neutral point will lead to switching actions,
in order not to introduce noise to the signals sampled, u,, is
sampled at ¢(k 4+ 0.5),k = 0, 1,2, .. .. Therefore, the charge or
discharge action is also updated at this time.

B. Modified Modulation Method for Special Cases

There are several special cases in which the switching action
and signal sampling happen simultaneously. The modulation
method should be modified to avoid introducing noise to the
sampled signals.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 11, NOVEMBER 2017
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Fig. 5. Basic modulation method (a) and the modified modulation method (b)
when u,.; = E.

1) Ut = E or upe = —E: As shown inFig. 5(a), if u,ef =
E at (1), the switching action and signal sampling are simul-
taneous at both ¢(1) and ¢(2). To prevent the switching action
from interfering the signal sampling precess, a short delay of ¢4
is inserted as shown in Fig. 5(b). Since ¢, is inserted, to keep
the same average output voltage of the interval ¢(2) to ¢(3) , the
Urer at t(2) should be modified as

‘ t
Uiop = tnet = 5 )
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Modified modulation method when u,..¢ crosses zero from position to

where uy,; is the new voltage reference, T"is the PWM period.
The same delay strategy is applied to the case when e =
—FE, and u,r at t(2) should be modified as

N t
Upes = Uref + %E. 2)

2) Zero Cross: If u.s crosses zero, switching action and
signal sampling are also simultaneous as shown at ¢(3) in Fig. 4.
Also a short delay of ¢; should be inserted to prevent this.

There are two cases when wu,es crosses zeros from position
to negative, as shown in Fig. 6. Before u,.; crosses zero, it
couldbe uyef € (0, E) oruyes = F. Fig. 6(a) shows the modified
modulation method of the first case (uyor € (0, E)), and uyt at
t(3) should be modified as

* ta
/u’rlef = Uyef — QTE (3)

Fig. 6(b) shows the modified modulation method of the second
case (uref = E), and ur at ¢(3) should be modified as

» tq
Upop = Uref — S?E. 4)

The same delay strategy is applied when u,.¢ crosses zero
from negative to positive. If u,.s € (—FE,0) before crossing
zero, after inserting ¢4, o at ¢(3) should be modified as

. ta
Uper = Uref + QfE' (5)
If u,of = — E before crossing zero, u,r at t(3) should be mod-
ified as
) ta
Uper = Uref + 3TE' (6)

3) Phase Turning on: When one phase is turned ON, the
switching action is simultaneous with the sampling precess, as
shown in Fig. 7(a). To avoid the interference in both cases, a
short delay of ¢; at (1) is inserted as shown in Fig. 7(a) and (b).
Urer at t(3) while turning ON should be modified as

. t
%ﬁ:mﬁ+%E. (7)
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Fig. 8. Unit sampling time delay of the digital PWM generator.

V. CONTROL SCHEME OF THE PROPOSED CONVERTER

To precisely control the phase current of SRM, a current
controller is needed to generate the reference voltage for the
modulator. Neglecting the magnetic mutual coupling between
phases, the phase voltage equation of SRM can be obtained as

. dy(0,1)

u = Ri+ 7 (8)
where u is the phase voltage, R is the winding resistance, 7 is the
phase current, 6 is the rotor position, and ) is the flux linkage
profile, which is a function of 7 and 6. ¥ (6,1) of the studied
SRM of this paper is shown in Fig 10.

When the SRM is digitally controlled, (8) has to be digitalized
as

Yk +1) = (k)

i(k) + T

©)
where 75 is the sampling period. When implemented in digital
signal processor (DSP) or microcontroller unit (MCU), there
is one sampling time delay of the digital PWM generator. As
shown in Fig. 8, it takes time for the signal sampling and the
control algorithm execution. At t(k), uer(k) cannot be ob-
tained immediately and then feed into the PWM generator. It is
Urer (k — 1) that is loaded into the PWM generator. u,q¢ (k) is
obtained at the time later than ¢(k) and is loaded into the PWM
generator at t(k + 1). This caused the unit sampling time delay
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Fig. 9. Diagram of the current controller.
0.15/— 360° 0(k) + wTs, 0(k + 2) = 0(k + 1) + wT; respectively, where w
Tl — 320° is the angular speed.
— 180° Substituting (11) into (9), the error dynamic could be obtained
o | 240°
%/D 0.1 |= 200° e(k+1) =e(k) — Kye(k) — Re; (k)T (12)
) 180°
= where e(k) = ¥rer (k) — (k) is the flux control error e; (k) =
5 iref (k) — i(k) is the current control error. According to Fig. 10,
& 0.05F for a certain position 6, v is a monotone increasing function of
i, therefore e; (k) can be expressed as e; (k) = k; - e(k), where
k; is a positive number. If a Lyapunov function is selected as
0 ‘ ‘ ‘
0 5 10 15 20 V (k) = e*(k). 13
Current(A) ( ) ¢ ( ) (13)
i Then, the increment of the Lyapunov function is
Fig. 10.  Flux profile of the test SRM.

in the control loop. Considering this delay, ¥(k + 2) instead of
¥ (k + 1) is controlled by adjusting u,c¢ (k).

According to (9) and the unit sampling time delay of w,f
update. The flux linkage at t(k + 1) is derived as

Y(k+1) = [wres (k — 1) = R-i(k)] Ts + (k)
where (k) is the flux linkage at ¢(k) and is expressed as ¢ (k) =
¥ (0(k),i(k)). Since 6(k) and i(k) are known at t(k), ¥ (k)
could be obtained.

Then, a current controller could be derived as (11) according
to [16]

10)

Urcf(k) =R- ’ircf(k + 1)

wrcf(k + 2) - wl'cf(k + 1)

Jr
T
wrcf(k + 1) — 'l/)(k + 1)
T

where Yo (k + 1) and ¢),.0¢ (k + 2) are the reference flux linkage
at t(k + 1) and t(k + 2), respectively, K, is the gain of the
controller. #(k + 2) and 6(k + 1) are needed to calculate the
reference flux linkage and could be obtained by 6(k + 1) =

+ K,

an

AV (k) =V(k+1) - V(k)

=— (K, +ki-R-T,) (2~ K, — ki - R-T,) € (k)

(14)

which indicates that if 0 < K, + k; - R - T, < 2, then the sys-
tem is stable with the current controller shown in (11).

In practice, the calculated uef (k) cannot exceed the dc bus
voltage E. In order to prevent u,. (k) from exceeding its phys-
ical limit, the flux reference limiter for the flux reference at
t(k + 2) is required. The flux reference limiter is derived as
(16). By substituting £ and —F into the wu,.f(k) at (11), the
upper limiter and lower limiter of the flux reference at ¢(k + 2)
are derived as

wrefl\lax(k + 2) = wref(k + 1)

wref(k + 1) - ’(/}(k + 1)
T

UropMin (K +2) = et (k + 1)

7/}1'ef(k + 1) B 1?(]@ + 1)
T

+|E-K,

—R~z’(l~c+1)}T5

B K,

—R-i(k+ 1)} T
15)
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Fig. 11.  Control diagram of the NPC three-level converter for SRM drives.
where Pretvax (k + 2) and ¢repnin (K + 2) are the upper and
lower limiter of the flux reference at ¢(k + 2), respectively. The
behavior of the limiter can be described as

wllrcf(k + 2) = @/]rcﬁ\lax(k + 2), Urcf(lﬂ) > F
Ulog (b +2) = Yret (k + 2), trer (k) € [~ E, E]
w;ef(k + 2) = wref}{in(k + 2), Uref(k’) < —-F

(16)
where 9 (k4 2) is the adjusted reference flux linkage of
wrcf(k + 2)

The entire current control algorithm is described in Fig. 9.

VI. SIMULATION RESULTS

The proposed converter is simulated in MATLAB/
SIMULINK to verify both its effectiveness and power losses.
The control diagram of the proposed converter for SRM drives
is shown in Fig. 11.

In this simulation, flat top current control for SRM is applied
with the proposed current control algorithm and the PWM
method. The current reference is 10 A. The torque distributer is
not used in the simulation. upc and u,, are the dc-link voltage
and the neutral point potential, respectively. A 12/8, 2 kW,
6000 r/min three-phase SRM is modeled and tested in the
simulation. Its flux profile is shown in Fig. 10. The dc-link
voltage F' is 300 V. For comparison, the two-level asymmetric
half-bridge converter with soft-chopping PWM control is also
simulated. The current controller is the same as that of the
three-level converter.

Three cases are studied in this simulation. First, the two-level
converter and the proposed three-level converter are simulated
with the switching frequency of 10 kHz. After that the switching
frequency of the proposed three-level converter is increased to
20 kHz.

A. Current Ripple

The phase current and voltage waveforms obtained by the
conventional two-level converter with switching frequency of
10 kHz at 1000, 2000, 4000, and 6000 r/min are shown in
Fig. 12. Fig. 13 shows the phase current and voltage waveforms
of the three-level converter with switching frequency of 10 kHz.
Fig. 14 shows phase current and voltage waveforms of the three-
level converter with switching frequency of 20 kHz.
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Fig. 12.  Phase current (black), voltage (red), current reference (blue) of SRM
driven by the two-level converter with 10-kHz switching frequency. (a) Voltage,
current, and current reference at 1000 r/min. (b) Voltage, current, and current
reference at 2000 r/min. (c) Voltage, current, and current reference at 4000 r/min.
(d) Voltage, current, and current reference at 6000 r/min.
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Fig. 13.  Phase current (black), voltage (red), current reference (blue) of SRM

driven by the proposed three-level NPC converter with 10-kHz switching fre-
quency. (a) Voltage, current, and current reference at 1000 r/min. (b) Voltage,
current, and current reference at 2000 r/min. (c) Voltage, current, and cur-
rent reference at 4000 r/min. (d) Voltage, current, and current reference at
6000 r/min.

Itis shown that, compared to the two-level converter, the peak-
to-peak values of the current ripple of the proposed three-level
converter are reduced. Fig. 15 shows the normalized current
ripples of the three cases at different speeds. It is shown that
the current ripples of the three-level converter with switching
frequency of 20 kHz are reduced by more than half compared
to the two-level converter.

B. Power Losses

To compare the power losses of the proposed converter with
the two-level converter, power devices for these converters are
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Fig. 14.  Phase current (black), voltage (red), current reference (blue) of SRM

driven by the proposed three-level NPC converter with 20-kHz switching fre-
quency. (a) Voltage, current, and current reference at 1000 r/min. (b) Voltage,
current, and current reference at 2000 r/min. (c) Voltage, current, and cur-
rent reference at 4000 r/min. (d) Voltage, current, and current reference at
6000 r/min.

selected first. MOSFETs are selected as the switching device.
The main parameters of the selected MOSFETs and diodes are
obtained from their datasheets and are listed in Tables IV and V.

It can be seen that as the decreasing of the voltage rating,
the Rpg(on) of the MOSFETs and Vi of the diodes both de-
crease. Although more devices are needed in the proposed NPC
three-level converter, the total conduction losses will not in-
crease. Since the switching speed of MOSFETs with lower voltage
rating is much faster than that of higher voltage rating MOSFETs,
the switching losses can be reduced. Moreover, as Q3X and Q4X
only need to block half of the dc-link voltage, Schottky diodes
with very low reverse recovery loss are available. Therefore, the
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Fig. 15.  Current ripple comparison of the three simulated cases.
TABLE IV
MAIN PARAMETERS OF MOSFETS
Two-level converter Three-level converter
IPW60R041C6 at 10 A TPP200N25N3 at 10 A
Vbs 650 V 250 V
Ip at100°C 49 A 46 A
Rps(on) 0.037Q 0.017Q
Vs () 3V 3V
Qsw 160 nC 13nC
Vplateau 54V 42V
TABLE V
MAIN PARAMETERS OF DIODES
Two-level converter Three-level converter
STTH50WO06S at 10 A° MBR40250 at 10 A BYC20X-600P at 10 A
Vi 1.7V 0.75V 23V
trr 34 ns 35ns 35ns
Qrr 850 nC 0 220 nC
12
210
g8
N B Switching loss
5 4 B Conduction loss
Z
A 2
0
t | t | t | | Two-level @10kHz
Three-level @10kHz
Three-level @20kHz
1000 RPM 2000 RPM 4000 RPM 6000 RPM
Fig. 16.  Power losses comparison of the three simulated cases in one phase.

power losses of the proposed converter can be lower than that
of the two-level converter.

Based on the parameters shown in Tables IV and V, the
conduction and switching losses of the two-level and the three-
level converters are estimated. Gate resistors are selected to
keep the dv/dt below 4 kV/u s for the safe operation. The di/dt
is also limited under 300 A/us by the gate resistors. The loss
estimation method is take from [17]. The energy dissipation
caused by reverse recovery of diodes per switching action is
estimated by Wrr = Qrr X Vin, where Vi is the voltage
across the diode before switching actions.

In the simulations, for similarity, the current and voltage
waveforms of the MOSFETs and diodes in phase A are recorded
and analyzed. The results of other phases are the same. Fig. 16
shows the calculated power losses of phase A, including the
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TABLE VI
COMPREHENSIVE COMPARISON OF TWO-LEVEL AND PROPOSED
THREE-LEVEL CONVERTERS

Items Two-level converter ~ Three-level converter
Switching frequency low high
Current ripple high low
Switching loss high low
Acoustic noise high low
Cost on switches similar similar
Cost on diodes similar similar
Cost on dc capacitors similar similar
Cost on EMI filter high low
Cost on gate drivers low high
DC voltage sensors 1 2
Control complexity low high

conduction loss and switching loss of the three cases at dif-
ferent speeds. It is shown that the conduction loss of the two-
level converter and the proposed three-level converter are sim-
ilar. However, the switching loss of the three-level converter is
significantly reduced. In spite of minor increase in switching
loss at the switching frequency of 20 kHz, the total losses are
still significantly reduced compared to the two-level converter.
Moreover, since there are only few sampling steps at each elec-
tric period when rotor speed is high, increased switching and
sampling frequency will help increase control accuracy.

Therefore, the proposed three-level converter is capable to
operate at higher switching frequency than the conventional
two-level converter, which will lead to much better current
waveform, lower acoustic noise, lower iron losses, and lower
ac copper losses.

C. Comprehensive Comparison

Based on the analysis and results above, a comprehensive
comparison of the proposed three-level converter and the con-
ventional two-level converter is summarized in Table VI. It is
shown that with increased control complexity, the three-level
converter is able to reduce current ripple and switching loss
even though it works at high switching frequency. The cost of
switches, diodes, and dc-link capacitors will not increase. The
cost of EMI filters will be reduced because of smaller voltage
pulses. Although an additional voltage sensor and more gate
drivers are required, the cost of them are relatively low com-
pared to that of the switches, diodes, and dc capacitors in high
power high performance drive systems.

VII. EXPERIMENTAL RESULTS

Experiments are conducted to verify the effectiveness of the
proposed three-level converter. Fig. 17 shows the diagram of
the experimental setup. The proposed three-level converter is
controlled by a control board with DSP and field programmable
gate array (FPGA). The modulation method is programmed in
FPGA while the current control algorithm runs in DSP. The
shaft of the SRM is connected to a brushless dc (BLDC) ma-
chine. The BLDC is connected to a diode rectifier. The output
of the rectifier is connected to a dc/dc converter. The dc/dc con-
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Fig. 17. Experimental diagram of the NPC three-level converter for SRM drives.
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(b)

Fig. 18. Experimental setup. (a) The proposed three-level converter, the con-
trol board, DC/DC converter and the load resistor. (b) The tested SRM and the
load BLDC. (c¢) The tested two-level converter.

verter is connected to a load resistor. By tuning the duty ratio
of the dc/dc converter, the load torque of the SRM could be
adjusted. Fig. 18(a) shows the proposed three-level asymmetric
half-bridge converter for SRM, the control board, the dc/dc con-

Duty ratio

TABLE VII
PARAMETERS OF THE EXPERIMENTAL PLANT

Symbol  Parameter value
Ry SRM winding resistance 030
fs Switching frequency 20 kHz
Ty Sampling period 0.00005 s
Upc DC bus voltage 300 V
K, Control gain 0.2

dBFS
dBFS

Fig. 19. Acoustic noise compare between the three-level (a) and the two-level
(b) converters. (a) Acoustic noise of two-level converter. (b) Acoustic noise of
three-level converter.

verter, and the load resistor. Fig. 18(b) shows the studied SRM
and the BLDC load. For comparison, a two-level converter with
PWM control is also tested. Fig. 18(c) shows the test two-level
converter.

The flux linkage profile of the studied SRM is shown in
Fig. 10. Parameters of the controller for this experiment is shown
in Table VII.

First, flat-top current control is applied. A reference current
of 10 A is given to the current controller. The SRM is controlled
to run at 1000, 2000, 4000, and 6000 r/min, respectively. The
turn on angle is 192° and the turn-OFF angle is 320°.

Figs. 20 and 21 show the current and voltage waveforms
as well as the current reference of the two-level converter and
three-level converter, respectively. It is shown that the current
ripple of the three-level converter is significantly reduced com-
pared to the two-level converter, when voltage demand of the
three-level converter is low, the phase winding voltage switches
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Fig. 20.  Experimental Phase current (CH1), voltage (CH2), current reference
(red line) of the SRM driven by the two-level converter with 10-kHz switching
frequency. (a) Voltage, current, and current reference at 1000 r/min. (b) Voltage,
current, and current reference at 2000 r/min. (c) Voltage, current, and current
reference at 4000 r/min. (d) Voltage, current, and current reference at 6000 r/min.

between 0 and 0.5F instead of F, which significantly reduces
the current ripple. When the phase is turned OFF, —F is ap-
plied on the winding and therefore the phase winding is de-
magnetized fast. The amplitude of voltage pulses are almost the
same, which indicates that the neutral point is well balanced.
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Fig. 21. Experimental phase current (CH1), voltage (CH2), current refer-
ence (red line) of the SRM driven by the proposed three-level NPC converter
with 20-kHz switching frequency. (a) Voltage, current, and current reference at
1000 r/min. (b) Voltage, current, and current reference at 2000 r/min. (c) Voltage,
current, and current reference at 4000 r/min. (d) Voltage, current, and current
reference at 6000 r/min.

The experimental comparison results validate the simulation
results.

The shaft of the SRM is disconnected with the load to isolate
the noise of the load machine. The rotor speed is accelerated
from O to 6000 r/min. Since the inertia of the rotor is low, a
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Fig.22.  Experimental phase current (CH1), voltage (CH2), current reference
(red line) of the SRM driven by the proposed three-level NPC converter with
torque sharing control and 2.0 N - m torque output. (a) Voltage, current, and
current reference at 1000 r/min. (b) Voltage, current, and current reference at
2000 r/min. (c) Voltage, current, and current reference at 4000 r/min. (d) Voltage,
current, and current reference at 6000 r/min.

ramp-up current reference instead of the constant current ref-
erence is applied to lengthen the accelerating period. Acoustic
noise is measured 1 m away from the SRM under test. Since the
microphone is not calibrated, the noise is measured in the dBFS
manner.
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The measured noise driven by the two-level converter and the
proposed three-level converter are shown in Fig. 19(a) and (b),
respectively. It is shown that the mechanical noises at low
frequency are very similar. The noise around the switching
frequency of the two-level converter is higher. Since the phase
current of SRM is discontinuous, the frequencies of noise are
not fixed at 10 kHz but varies with speed. With the proposed
three-level converter, the noises around the switching frequency
are significantly reduced.

Finally, the converter is tested under the torque sharing control
[18]-[20]. A reference torque of 2.0 N - m is given to a linear
torque distributer and Fig. 22 shows the current and voltage
waveforms at 1000, 2000, 4000, and 6000 r/min, respectively.

It is shown that the current ripple with the proposed converter
is still small. Even though 7,0 is very nonlinear, the proposed
converter with PWM current controller is effective at tracking
irof at different speeds.

In the experiments, there is some difference between i, and
the real current. This may be caused by the model mismatch. A
better current controller is able to solve this problem [21].

VIII. CONCLUSION

In this paper, a NPC three-level converter for SRM drives is
proposed. The PWM modulation method, the dc voltage bal-
ancing algorithm, and the current control method are presented.
The proposed converter is compared with the conventional two-
level converter in terms of cost, current ripple, noise, and power
losses. It indicates that the costs of these two converters are
similar but the current ripple, noise, and losses of the proposed
converter is greatly reduced. The simulation and experimental
results show that the proposed three-level converter is very
promising in the low-voltage and high-power SRM drives.
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