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Abstract

This paper presents a current ripple analysis of new double-stator AC drive system. At first, a new
double-stator AC drive system is proposed. The aim is to combine the benefits both the multilevel and
multiphase system to provide the better performance to drive AC motor. The input and output current
ripples of the proposed AC drive system are then analyzed. The current ripples of the proposed AC drive
system are then compared to the ones of conventional double-stator AC drive system. Under the same DC
input voltage, it is shown that the proposed results in less output current ripple. Under the same output
voltage, the proposed AC drive system results in smaller input current and, therefore, fewer losses on the
DC power supply. Experimental results are included to show the validity of the proposed concept.
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1. Introduction

Many studies have been conducted to improve the performance of AC drive system.
With advanced progress of the power semiconductor switches, inverters can widely applied as
AC drive with high-frequency switching and various levels of power requirements [1]-[4]. Various
kinds of AC drive system topology by using an inverter has been researched and developed for
a wide variety of applications, such as locomotive traction, electric ship propulsion, more-electric
aircraft, and high-power industrial applications. For higher power requirements, multiphase and
multilevel inverter is the most commonly used. The multiphase inverter basically consists of
conventional n-half bridge inverter connected in parallel corresponding to the load supplies. It
provides lower pulsating torque, better tolerance and the possibility of splitting motor current
across a higher number of phases, thus reducing the converter rating [3], [5]-[7]. For high
voltage applications, multilevel inverter is more suitable because the inverter output voltage is
obtained through a few steps of voltage levels, although it also has some drawbacks. Multilevel
system requires a lot of switches and has capacitor voltage unbalanced problem [8]-[11].

In order to develop better performance of the AC drive system as Figure 1, some
investigations have been done for both multiphase and multilevel system. Those are focusing to
the input [12]-[17], [18], [20] and output [18]-[21] ripple to meet the standard that have been
determined [22]. On the input side of the inverter, the current ripple determines the size of the
DC link capacitor of the inverter. It has been reported that the DC link capacitor is the most
vulnerable component in an inverter. Furthermore, on the output side of the inverter, the higher
current ripple could cause the motor to heat faster.

In this paper, a new topology of double-stator AC drive system is proposed to combine
the benefits of both multiphase and multilevel system. In the proposed system, as shown in
Figure 2, two conventional two-level three-phase inverters are connected in series on the DC
sides. Each three-phase output of these two inverters is supplying three-phase stator winding
set of double-stator AC motor. By using the proposed topology, the advantages of simple two-
level inverter topology and high reliability and power density of multiphase AC motors can be
combined. Analytical expressions of input and output current ripples of the proposed system are
then derived. It is shown that under the same DC input voltages, the output current ripple of the
proposed system is lower than the conventional topology. Under the same output voltage, the
proposed system has lower input current and therefore, fewer losses on the DC power supply
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than the conventional ones. Experimental results are included to show the validity of the
proposed concept. The proposed concept can be extended to higher phase number.
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Figure 1. Conventional double-stator AC drive system
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Figure 2. New double-stator AC drive system

2. Proposed Method

In a conventional double stator AC drive system, an AC motor that having two three-
phase stator winding sets is used. The neutrals of two winding sets are separated. The two
stator winding sets are supplied by two two-level three-phase inverters as shown in Figure 1.
The two three-phase inverters are supplied by a common DC voltage source. These two stator
winding sets can be displaced by various angles. In this paper, only zero angle displacement is
discussed. The main problems of this conventional system is the increasing DC input current
with the associated large DC supply losses.

In order to solve the mentioned problem, a new topology as shown in Figure 2 is
proposed. In the proposed system, the two three-phase inverters are connected in series. As
the input voltage is connected in series, the required DC input current is lower than the
conventional ones. PWM techniques for the new topology and the conventional ones are the
same.

3. Input Current Ripple of New Double-Stator AC Drive System
Input current ripple analysis is very important in designing the required DC filter
capacitor. In the new topology, the input current of the upper side inverter can be expressed as,

g = Uy, Sy, + iy, Sy, + b, Sw, (1)
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where s,;, s,1, and s,,,is switching states of phases u4, v4, and wy, respectively. The value of
switching state is unity (zero) when the upper switching device of the associated phase receives
an ON (OFF) signal. The output currents are assumed to be balanced and sinusoidal:

iy, = V2I;sin( 6, — ¢)
by, = V2, sin( 8, 2~ 9)
b, = V2l sin( 6, + 2 — @), (2)

where @ is the load phase angle, 6, = 2nf,.t = wt, f, is the fundamental output frequency of the
inverter and [, is the rms value of the load current.

In carrier based PWM inverter, the ON and OFF signals for the inverter switching
devices are obtained by comparing a three-phase reference signal to a high-frequency
triangular carrier signal with unity amplitude. The upper inverter switching device receives an
ON (OFF) signal whenever the associated reference signal is higher (lower) than the triangular
signal. If the frequency of the carrier signal is much higher than the reference one, the values of
the reference signals in one carrier period can be assumed as constants. By using this
assumption, the detailed inverter waveforms over one carrier period can be drawn as shown in
Figure. 3.
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Figure 3. Inverter waveforms in one carrier period

The time intervals in Figure 3 can be obtained as follows:

tl _ 1 - Uur

T./2 2
tZ _ 1—Vwr

Tg/2 2 (3)
t3 _ 1 - Uvr

T./2 2
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where,

vy, = ksin 6,
v, =k sin(@r—%n) (4)

2
vy, =k sin<er+?>

Based on Figure. 3, the inverter input current in one carrier period can be written as follow:

( 0  O0ststy
iy, tistsi,
. —iy, tystsis
lg =\ o0 tystst, (5)
—iy, t4stsis
iy, tsstsig
0 teststy

The mean square value of the inverter input current over one carrier period can be
obtained as follow:

Pay = 2 it ()

Ts “to
2t —ty), o, 23 —ty) .,
—Tlul +Tlv1

Substituting (2) and (3) into (5) and the result is substituted into (6) then the following is
obtained

%4, = 2% sin?(wt — ¢)73ksin (wt—g) (7)
2 V3 b3
2 - 2 =" - . -
+ 21, sin“(wt 3 b) > k sin (wt+2)

The average value of the mean square of the inverter input current over one fundamental
inverter period can be obtained as follow:

3 Z
Payan = 22 12 d(wt) ®)
6
3v3 2
Izdl,av = Ekllz [1 +§COS 2¢]

As the inverter operation is symmetrical, the integral operation can be performed just over 60°
period.
If the inverter losses can be neglected, the DC component of the inverter input current

can be obtained by equalizing the inverter input and output powers and, the result is
I =j—i.k.ll.cos¢ 9)

Based on (8) and (9) then the ripple component of the inverter input current can be determined
as follow:

ldﬁ; = Izdl,av_ld (10)
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7= e[+ (gt

4. Output Current Ripple of New Double-Stator AC Drive System
For output current ripple analysis, it is assumed that the load can be represented as
shown in Figure 4.

2Ed () N

]
I

Figure 4. New double-stator AC drive system with delta load

Based on the circuit in Figure 4, the voltage differences between phases u;and v; and
between u, and v, can be expressed as follow

Vy v, = Rlu1v1+L lu1v1+M + ey v, 11)

dt luzvz

d
lu,v, M—

Vy,v, = Rluz,,2 + Ldt

dt lu1v1 + euzvz

The inverter output voltage and current can be decomposed into the average (average over
one carrier period) and ripple components. By neglecting the ripple voltage drop across the load
resistances then the ripple component of the load currents can be expressed as follows:

- 1 .
buvy = mf(vuﬂh - vu1171)dt (12)
where tilde denoting ripple component.

Based on the inverter voltage waveforms as shown in Figure 5, then the detailed output current
ripple over one carrier period can be written as

Tyn(—t)— (Fpu(—t)) 0=t =1ty
Tyn(—t) — (Tn(—t)) =<ty
- 1
fuh,lr:l. L+ "f I:""u'.i‘"':( j[r—rnl—t"|—{LLF{ t|| rzgrgt!
':fu_r":(—. - 1‘] ':f— ty) —tg) — [fur":(;i— lj[t —ty)—ty) 3=t E;.z
un i “Wpn ; = = 2 2
13)
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iuv,

Figure 5. Inverter waveforms in one carrier period

where
_ Ts/2 -t
‘Uuln = WEd
_ Ts/2—t
Boyn = 22 (E) (14)
_ Ts/z - tl

Vwn = W (—Ea)

The mean square value of the output current ripple over one carrier period can be
determined as follow:

¥ 2 _ 1 Tg—2, _ 2 Tg/2
Iuv _Tsfﬂ luy dt_Tsfo

T,,2dt (15)

Substituting (13) and (14) into (15) then and performing the integration the results as shown in
Table 1 are obtained.

Table 1.0utput current ripple for one switching period

Area Al (Osot<m/6) EdeZTsz(Cos[% (T — 60)] + Sin®)2(4 + 3k% — 2v/3kCosO — 6kSind)
768(L + M)?

Area A2 (1/6<ot<m/2) Edzszsz(Cos[% (1 — 60)] + Sin®)2(4 + 3k% — 2v/3kCos0 — 6kSind)
768(L + M)?

The average value of the mean square of the inverter output current over one fundamental
inverter period can be obtained as follow:

= 2 1 ,m/25 2

Iuv,rms - 77.'/2 0 Iuv

de (16)

As the inverter operation is symmetrical, the integral operation can be performed just over 90°
period. Then the ripple component of the inverter output current can be determined as follow:
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~ 2 (Ed?k%(12(V3+m)+k(-54—22v3+9k(V3+m)))Ts?)

Lyyoyrms = 1536(L+M)2T (17)
where
Eq = DC voltage source of inverter
Ts = Switching period
L = Load inductance
M = Mutual leakage inductance
k = Modulation index

5. Results and Discussion

A small experimental system was constructed to verify the proposed concept. The DC
voltage source is obtained by rectifying three-phase AC voltage source. The inverter switching
devices are implemented by using power MOSFET. The load resistance and inductance are
1.26 Ohm and 5.62 mH, respectively. The mutual leakage inductance can be neglected. The
DC voltage source Eq4 is maintained constant at 26.25 Vdc. The switching devices are switched
at 1000 Hz. The fundamental output frequency is 50 Hz.

The validity of the analysis of the input and output current ripple of the proposed system
is shown in Figure 6 and 7. From Figure 8-11, input and output current ripple comparison
between proposed and conventional multiphase system are shown. Under the same input
voltage, shown in Figure 8-9, input current ripple of both system are the same, but the output
current ripple of the proposed system is lower. Under the same output voltage, shown in Figure
9-11, output current ripple of both system are the same, but the input current ripple of the
proposed system is lower. Accuracy of the proposed analysis method can be appreciated from
these figures.

0.8 - |

0.7 -

0.6 - = Calculated
B Measured

0.4
0.3

Input Current Ripple (A)

0.2

0.1

0 01 02 03 04 05 06 07 08 09 1
Modulation Index

Figure 6. Input current ripple of the proposed topology
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Figure 10. Input current ripple comparison between conventional multiphase inverter and
proposed topology under the same output voltage
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Figure 11. Output current ripple comparison between conventional multiphase inverter and
proposed topology under the same output voltage

6. Conclusion

In this paper, analytical expressions for total input and output current ripple of a new
double-stator AC drive system have been derived and proved by experiment. The derived
expressions are useful in designing DC input and output filters. It is expected that the proposed
topology can be used as an alternative to the conventional topology.
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