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ABSTRACT In order to extend motor operation range, a self-voltage-boosting AC motor drive is proposed
in this paper. Compared with the traditional frontend DC-DC converters, the proposed topology reuses
the power switches inherently involved within the three-phase inverter without using any additional active
components. By modifying the time distribution of the two zero vectors in traditional seven-segment
space vector pulse width modulation (SVPWM) technology, the inductor current and the flying capacitor
voltage can be adjusted. The proposed topology has the advantage of a wider operating range without extra
cost. Moreover, the performance of the motor drive is not affected. Experimental results demonstrate the

correctness of the proposed topology.

INDEX TERMS Interior permanent magnet synchronous motor (IPMSM), inverter, voltage bootstrap, flying

capacitor.

I. INTRODUCTION
With the fast development of electric drives in industrial
and household appliances, the interior permanent magnet
synchronous motor (IPMSM) together with whose drive tech-
nologies are gaining even more attention than ever [1], [2],
[3], [4]. Among all the key technologies, the voltage utiliza-
tion become one of the most essential factors that affect the
motor performance due to the influence of back electromotive
force (EMF) of the permanent magnet (PM) machines [5],
[6], [7]. Usually, the maximum output speed range of an
IPMSM drive much depends on the DC-bus voltage and its
utilization factor by taking the flux-weakening control out
of consideration. Therefore, it is important to increase the
DC-bus voltage utilization factor to extend the motor oper-
ation range [8], [9], [10].

Over the years, many solutions have been proposed to
increase the voltage utilization of voltage source inverter
fed motor drives, achieving higher operating speed range.

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhilei Yao

Adding DC/DC voltage boosting circuit at the front-end of
the motor drive is one of the typical techniques to increase
the input voltage value of the inverter, thus extending the
motor speed [11], [12], [13], [14]. In [11], a new topology of
clamped diode multilevel DC/DC converter for a DC motor
system is proposed, which reduce current ripples and torque
ripples. An improved charge-pump circuit is raised in [12]
by using supercapacitors. By controlling the switching states
of the power switches in the proposed circuit, the superca-
pacitors can either be bypassed or be connected in series into
the circuit in positive and negative directions, thus generat-
ing different DC-link voltages. In [13], an interleaved two
leg bidirectional DC/DC converter is utilized in the IPMSM
drive, which can boost the DC-link voltage according to the
working conditions of the motor but also allowing power been
transferred back into the battery. An active power decoupling
circuit is proposed in [14] to regulate the DC-link voltage
without using electrolytic capacitors. The circuit consists of
two parts: one is actually the boost converter and the other
is the buck-boost converter. The converters are connected
in series for even higher DC-link voltage. Also, the second

© 2023 The Authors. This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

8178 For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 12, 2024


https://orcid.org/0000-0003-2801-698X
https://orcid.org/0000-0002-9334-3824
https://orcid.org/0000-0002-1007-1617
https://orcid.org/0000-0003-3991-4929

H. Wang et al.: Flying Capacitor Voltage Regulation for a Self-Voltage-Boosting AC Motor Drive

IEEE Access

converter can generate complementary voltage to eliminate
voltage ripples of the boost converter. Despite the advantages
of increasing the DC-link voltage, thus expanding the oper-
ating range of PM motors, these solutions require additional
power switches, which might limit their applications.

Open-end winding motor is another solution to extend
the operating speed range by introducing an additional
inverter [15], [16], [17], [18], [19], [20], [21], [22]. In [15], the
zero-sequence current is eliminated in a dual-inverter open-
end winding motor drive with common DC-bus using an
improved pulse-width modulation (PWM) strategy. The volt-
age boosting and regulation methods are investigated in [16]
by adjusting the fundamental phase angle difference between
the two inverters and modify the PWM scheme, respectively.
To further extend the open-end winding motor speed range,
in [17], the flux weakening control by the fully utilization of
the main converter is investigated, where the additional volt-
age boost is also obtained. The fault-tolerant control of the
open-end winding motor drive is researched in [18] against
the open-circuit fault of the inverter. To improve the effi-
ciency of the system in open-end winding motor drives, the
DC-link voltage is regulated in [19], leading to an increased
efficiency of 60% at most. In [20], improved control strategy
is proposed to reduce the switching action times of the dual-
inverter system. Although the open-end winding motor and
the dual-inverter system gain great advantages of higher volt-
age utilization factor and control adaptability, an additional
inverter is required compared with the traditional three-phase
IPMSM drive, which might limit their applications [21].

Other topologies like the multilevel converters are pop-
ular and suitable for the high voltage/power motor drive
applications due to the great benefit of the multiple output
voltage levels and the reduced voltage stress on the power
switches [23]. However, the multilevel converters usually
require more power switches than the conventional three-
phase inverter, which will inevitably add additional cost to
the system [24], [25], [26]. The flying capacitor assisted two
arm inverter motor drive is proposed in [27], which boosts the
voltage using the capacitor acrossing two phases of the motor
windings. Besides, the voltage stress on the power switches is
not increased. However, the application of this strategy might
be limited due to the uncommon topology.

To extend the operating speed range of IPMSM drives,
many solutions have been proposed either to boost the
DC-link voltage using the front-end DC/DC converter or to
use specific drive topologies, leading to an increased use
of the additional power switches or higher power sources
as shown in Fig. 1, where U and E stands for the input
voltage and back electromotive force (EMF) of the motor, K,
is the EMF constant, n represents the motor speed. There-
fore, in order to tackel the challenge of low cost, modular
structure and high efficiency to boost bus voltage, in this
paper, a flying capacitor voltage regulation strategy for a
self-voltage-boosting IPMSM drive is proposed, where the
capacitor is connected in series with the power supply.
Compared with the conventional three-phase IPMSM drive,
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FIGURE 1. Motor operating speed range extending methods.

the proposed topology does not require additional power
switches apart from the auxiliary inductors. Benefit from the
dynamic adjustment of the time distribution of the two zero
voltage vectors, the voltage boosting ratio can be controlled.
In addition, since the proposed strategy does not adjust the
active voltage vectors, the normal operations of the motor is
not affected.

The remainder of this paper is organized as follows. The
proposed topology and equivalent circuits are illustrated in
Section II. The dynamic adjustment of action time distri-
bution of the zero vectors is elaborated in Section III. The
calculation method of the auxiliary inductors current ripples
is presented in Section IV. The overall control strategy and
discussions are presented in Section V. Experimental valida-
tion is presented in Section VI. The conclusion is given finally
in Section VII.

Il. PROPOSED TOPOLOGY AND WORKING PRINCIPLE

A. PROPOSED TOPOLOGY

The proposed voltage boost topology for a three-phase
IPMSM drive is given in Fig. 2. In Fig. 2, C; is the flying
capacitor, which is used to boost the input voltage value of the
inverter. Whereas C; stands for the support capacitor of the
DC power supply of Upc. uci and uc; are the voltages of C
and Cy, respectively. S, ..., Sg are the six power switches of
the inverter. La1, L1 and Lc; denote the auxiliary inductors,
respectively, where i1 a1, iLg1 and i c; are the corresponding
currents and i, is the sum of the three currents. ip, ig and
ic are the three-phase currents of the IPMSM. The positive
directions of the current are along with the arrows shown in
Fig. 2.

In the proposed topology, the three auxiliary inductors are
used to generate a continuous charging current iy, for the
voltage regulation of the flying capacitor Cy. Thus, the power
of the DC supply Upc can be transferred to Cy, resulting in
the input voltage value of the inverter been boosted from Upc
to (uc1 + uc2). Therefore, the operating speed range of the
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FIGURE 3. Proposed voltage boost topology for IPMSM drives.

motor can be extended. It should be noted that in the proposed
topology the flying capacitor C actually provides the voltage
level and the reactive power, all the active power comes from
the only power source Upc.

B. WORKING PRINCIPLE AND EQUIVALENT CIRCUITS

In traditional three-phase IPMSM drives the inverter consists
of six power switches, which is used to control the motor with
space vector pulse width modulation (SVPWM) technology.
In Fig. 2, the three auxiliary inductors are also connected to
the output terminals of the inverter in the proposed topology,
therefore, the switching actions of the power switches will
lead to the charging or discharging states of the inductors as
presented in Fig. 3.

In Fig. 3, the switching states of Voo and Vj1; are taken
as an example for the analysis of the charging principle.
When the lower power switches of the three bridge arms
are turned on, the equivalent circuit is shown in Fig. 3(a),
where the inductors are charged by the DC power supply and
the inductor currents are increased accordingly. Whereas in
Fig. 3(b), when all the power switches are turned off or under
switching states of Vji1, the capacitor C; will be charged
by the auxiliary inductors. Therefore, by properly controlling
the switching states of the inverter, the voltage of the flying
capacitor can be adjusted which is actually the buck-boost
converter. However, as the main purpose of the inverter is to
control the motor by generating suitable voltage vectors and
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FIGURE 4. Output voltage sectors and seven-segment SVPWM waveform:
(a) division of voltage sectors, (b) PWM waveform in sector I.

TABLE 1. Action basic voltage vectors in different sectors.

Zero Active Equivalent Duty Cycle
Sector
Vectors ~ Vectors  Phase-A Phase-B Phase-C
I V&V, T/ T (To+T)/ T, 1-TH/T,
1I &V (To+TH)/T; TV T, 1-TH/T,
1T Vo& V5 V&V, 1-T45/T To/'Ts (Tot+T3)/ T
v (To=T7) V,&Vs 1-T4/T, (To+Ts)/ T, To/ T,
\Y% Vs & Vs (To+Ts)/ T 1-TH/T, T/ T,
VI Ve & 1, T/ T, 1-TH/T, (To+TV)/ T

the basic voltage vectors not only contain the aforementioned
two zero vectors, the regulation strategy of the capacitor
voltage is different from the traditional buck-boost converter,
which will be further analyzed in the remaining parts of the

paper.

lIl. PROPOSED DYNAMIC ADJUSTMENT OF ACTION TIME
DISTRIBUTION OF TWO ZERO VOLTAGE VECTORS

A. VOLTAGES ON AUXILIARY INDUCTORS

As mentioned above, according to different switching states,
the basic voltage vectors of the three-phase inverter contain
not only the two zero vectors Voo (Vo), Vi11 (V7), but also
other six active voltage vectors, namely, Voo (V1), V110 (V2),
Voto (V3), Voir (Va), Voor (Vs), and Vip1 (Ve). The output
voltage range is divided into six sectors (I, II, ..., VI) by
the boundaries of these six active vectors and the output
voltage vector is generated by several basic voltage vectors
in each pulse width modulation (PWM) cycle. The division
of the sectors and the traditional seven-segment SVPWM
technology are illustrated in Fig. 4, where Sa, S, and Sc
are the switching states of the three bridge arms, Ty, ..., 77
represent the action time of the eight basic voltage vectors, T
is the PWM cycle period. It can be seen from Fig. 4 that the
switching states of the inverter in each sector contain different
active basic voltage vectors, which are given in Table 1.

By adding active voltage vectors into the PWM cycle, the
control strategy of regulating uc is completely different from
that of the traditional buck-boost converter. It can be seen
from Table 1 that the equivalent duty cycle of the buck-boost
conversion for the three phases in each sector are different.
However, the trajectory of the output voltage vector is a
circular one, therefore, the sector will pass through L 11, ...,
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to VI in sequence, and then back to sector I again. For each
phase of the bridge arm, the voltage on the auxiliary inductor
caused by active voltage vectors is actually a sinusoidal one.
This can also be explained by the line voltages of the motor,
i.e., uaB, ugc and uca, which are sinusoidal ones as shown
in Fig. 2. Because the line voltages of the auxiliary inductors
are the same with that of the motor, the AC component of
the phase voltages of the three inductors uam ac, UBM_AC
and ucm_ac caused by active voltage vectors are also sinu-
soidal ones as illustrated in (1)

usm ac = U -sin2rf - t)
upMm_ac = U -sin (27Tf~t—27‘[/3) D
ucm_ac = U - sin (27rf -t 4+ 27[/3)

where U stands for the amplitude of the phase voltage on
the motor windings and the inductors, f is the fundamental
frequency of the phase voltage of the motor, ¢ stands for time.

It should be noted that in (1), the voltages of the inductors
are the fundamental voltage, which stands for the equivalent
voltage generated by the active voltage vectors. Also, as the
impact of DC voltage component of the three inductors can
be compensated by the zero vectors, which is not considered
in (1). Thus, the average voltages caused by the active vectors
of the inductors during one fundamental period Ty (T = 1/f)
can be calculated using (2).

Ty
UAM_AC_AVG = / uam_acdt =0
on
UBM_AC_AVG = / upm_acdt =0 )
on
UCM_AC_AVG = /0 ucm_acdt =0

where uam_Ac_avG. uBM_Ac_avG and ucm_ac_ave are the
average voltages caused by the active voltage vectors of the
inductors during one fundamental period.

On the other hand, the voltages uam zERO, UBM_ZERO
and ucm_zero of the inductors caused by the two zero vectors
can be calculated using (3)

UAM_ZERO = UBM_ZERO = UCM_ZERO
= (uc1 - T7 — ucz - To) / T 3)

From the above analysis it can be seen that the average
voltages of the inductors during one fundamental period are
the same as given in (3). Therefore, it is possible to control
the voltages on the auxiliary inductors by modifying the time
distribution of T and T7.

B. PROPOSED DYNAMIC ADJUSTMENT OF TIME
DISTRIBUTION OF TWO ZERO VOLTAGE VECTORS

The charging current it can be regulated by modifying the
voltages of the inductors. The total action time of the zero
voltage vectors determines the value of the output voltage,
whereas the time distribution of 7T and 77 does not affect the
value of the output voltage. As a result, according to (3):
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FIGURE 5. SVPWM waveform using the proposed dynamic adjustment
strategy in sector I.

1) The charging current i, can be increased by extending
the action period of Ty, whereas shortening 77.

2) The charging current it can be decreased by shortening
the action period of Tj, whereas extending 77.

For example, if Tj takes 70% of the action time of zero
vectors and 77 takes 30%, the SVPWM waveform using the
proposed dynamic adjustment strategy is shown in Fig. 5.
The yellow shading areas denotes the dynamic adjustment of
time distribution of two zero voltage vectors, and the width
can be calculated by [Tzgro-(70%-30%)/4]. Compared with
Fig. 4(b) where Ky = K7 and (Ko+K7)/K = Tzero/Ts (Tzero 1S
the action time of zero vectors), in Fig. 5, the relations among
the parameters are given in (4). It should be noted that the
action time of the active vectors in Fig. 5 are the same as that
in Fig. 4(b).

{ K()//70% = K7//30% = TZero )

(Ko' + K7') /K = (Ko + K7) /K = Tzero [ Ts

It can be seen from Fig. 5 that compared with the traditional
SVPWM waveform, the proposed strategy modifies the time
distribution of the zero vectors. As a result, the voltages
of the inductors can be dynamically adjusted, whereas the
actual output voltage of the inverter for motor control remains
unchanged and the motor performance will not be affected.

IV. AUXILIARY INDUCTOR CURRENT RIPPLE
CALCULATION
From the above analysis, it can be seen that the average
voltages of the auxiliary inductors can be adjusted by modifi-
cation on the time distribution of the zero vectors during each
fundamental period Ty, thus the average charging current of
iL can be controlled. However, the transient voltages of the
inductors change from time to time, therefore, it is essential
to analyze the current ripples of the inductors. It should be
noted that the impact of the zero vectors on the current ripples
are similar to that of the traditional buck-boost converter,
therefore, in this part the impact of the active voltage vectors
on the inductor current ripples will be analyzed.

In (1), the instantaneous voltages of the inductors caused
by the active vectors are sinusoidal ones, therefore, the
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corresponding current ripples can be calculated using (5).

Tr

S
7 U-T Uy - T
Aipa; = UAMLAC | r_U-Ty
l}) T LAIU T wLal \/gﬂLAl
AiLBl = S = L7 (5)
wLg V3l
. U - Tf UL - Ty
Aircy =
wlci x/_JTLC]

Where Airp a1, Aipp1 and Aip ¢ are the current ripples (peak-
peak value) of the three inductances Laj, Lp and Lcy, UL
represents the amplitude of the line voltages of motor drive.

Therefore, the current ripples caused by the active voltage
vectors is given by (6)

UL Ty

[} = -cos 2xf -t

LALAC = —7 «/_ﬂ%Al Qrf-1)

ILBI_AC = B -cos (27f -1 — 27 /3) (6)
2\/_7'[%}31

iLci_ac = ——=—1— . cos (2nf -t + 27 /3)

2\/_7T Lcy

where i a1 AC, iLB1_ac and ipc1_ac are the AC component
of the instantaneous inductor currents.

It can be seen from (5) and (6) that the amplitude of current
ripples is proportional to the value of Uy - Ty, which is mainly
determined by the motor parameters as shown in (7)

UL - Ty = UL/f = 60UL /np (7)

where n and p are the motor speed and pole pairs.

Usually, the amplitude of line voltage Uy, has similar values
with the amplitude of line EMF Ey, in IPMSM drives, there-
fore, the value of Uy - Ty can be calculated as shown in (8)

Up-Tp ~ ELJf = (ﬁ- ﬁnNkfcI)l)/f ~ 7. INkd; = A
(®)

where N and k are the turns-in-series per-phase and winding
factor of the motor, respectively, which are all constant val-
ues. @ represents the per pole flux, which is usually constant
value for PM machines, A is a constant value.

It can be seen that the value of Ur - Ty in (8) is
approximately equal to a constant value XA, which is mainly
determined by the motor parameters.

V. OVERALL CONTROL STRATEGY AND DISCUSSIONS

A. OVERALL CONTROL STRATEGY

The overall control strategy is illustrated in Fig. 6, where n*
and n are the motor speed command and actual value, 6 is the
rotor position, iaABc is the three-phase currents of the motor,
K, KB, Kc and K/, Kg’, K¢’ are the original and modified
three comparator values for the generating of PWM signals,
uct1™ denotes the command value of uc;.

In Fig. 6, the only difference from the proposed con-
troller and the traditional one is the modification of the
three comparator values for the generating of PWM signals.
It can be noted that the increase in the comparison value
of the three-phase PWM signal is the same. Therefore, this
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modification only change the time allotment of Ty and 77,
whereas the action time of the total zero voltage vector and
active vectors remain unchanged. From the perspective of
motor control itself, the control performance is not affected.
Thus, the speed and current controller parameters show no
significant differences with that of the traditional controller.

In terms of voltage modulation, as the time allotment
of Ty and 77 directly affect the action time of the upper
and lower power switches. The proposed controller utilize
a voltage-current double closed-loop controller. The control
target is to ensure that the voltage of the upper capacitor is
equal to the voltage of the lower capacitor, which adopts a
PI controller. Subsequently, in order to achieve that goal, the
current of the three-phase inductors are adjusted by another
PI controller. The adjustment value of the three comparators
are finally obtained.

Compared with the traditional controller, the proposed one
adds a voltage regulation modular (presented in FIGURE 6
in the manuscript). Therefore, the computational burden
of the proposed method is slightly increased due to the
use of two PI controllers. This is the drawback of the
proposed controller. However, as the fast development of
micro-controllers, the slightly increased computational bur-
den has limited impact on modern digital signal processors
(DSPs), e.g., TMS320F28335 in experimental setup. Also,
considering the advantages of a wider operation range, the
proposed controller remains attractive.

B. DISCUSSIONS

As the increase of the input voltage of the inverter, the motor
operating speed range will be extended. However, because
the inductor current is adjusted by modifying the time dis-
tribution of the zero vectors as given in (3) and Fig. 5, the
action time of the active voltage vectors will be shortened.
Therefore, it is essential to analyze the maximum action time
of the active voltage vectors.

In fact, from the above analysis it can be seen that the
equivalent duty cycle is determined by the action time of both
the active and the zero voltage vectors. During one funda-
mental period, the influence of the active voltage vectors on
the inductors is same as that when Ty = T7. Therefore, for
the buck-boost conversion, the equivalent duty cycle o can
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be calculated as in (9)

o = TLower _ T0+[Ts_(T0+T7)]/2 _l+ To — T7
B TS N Ts - 2 ZTS
)

where Tiower Stands for the action time of the equivalent
lower power switches.

From (9) it can be seen that: 1) At the first beginning of
the capacitor charge period, the action time of 77 should be
equal to T and « is 0. 2) As the action time of Ty increases,
the voltage of uc) gradually rises. 3) When 7 is equal to 77,
« is 0.5 and the voltage of both capacitors will be the same.

The input voltage of the inverter is the sum of uc; and uc2,
which is given in (10).

uci +ucz = —a “UC2 + UC2 = [—q Y
27 -
= e (10)
Ts —(To — T7)

After the precharge of the capacitors, the input voltage of
the inverter will be twice as the DC voltage source (Ty = 77).
Theoretically, the action time of the two zero vectors will be
the same and therefore the operating speed range of the motor
will be doubled. By changing the time distribution of the zero
vectors, the voltage of the upper capacitor uc; can be higher
than the lower one ucy. Whereas this requires the action time
of the two zero vectors being different, meaning that the total
action time of the zero vectors cannot be shorter than this time
difference as given in (11).

Tzero MmN = |Tp — T7| (1D

where Tzgro_MIN represents the minimum action time of the
Zero vectors.

The maximum action time of the active vectors is thereby
given by (12).

Tactivemax = Ts — Tzero MmN = Ts — [To — 17| (12)

where TacTIVE MaXx represents the maximum action time of
the active vectors.

In order to boost the input voltage of the inverter, the
duty cycle « should be bigger than 0.5 in theory. Therefore,
Tactive_max Will be Ts-(Tp-T7), and the maximum active
voltage on the motor uacTIvE_Max1 in this condition is given
in (13).

uUACTIVE_MAX1 = (uc1 + uc2) - Tactive_maxi = 27Ts - ucs
(13)

where TacTIvE_ MAX1 stands for the maximum action time of
the active vectors during voltage boost condition.

It can be seen from (13) that during voltage boost condi-
tion, the maximum active voltage on the motor is a constant
value, which will not be affected by the voltage boost factor.

However, when the converter is operating in the buck mode
(To < T7), Tactive_max 18 Ts + (Tp-T7), and the maximum
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FIGURE 7. Experimental setup.

TABLE 2. Main parameters of the motor.

Parameters Value
Flux Linkage 1.15V:s
Rated Current 4 A
Line Resistance 1.16 Q
d-axis Inductance 1.60 mH
g-axis Inductance 4.11 mH

active voltage on the motor uacTIvE_MaX2 in this condition
will be (14).

UACTIVE_MAX2 = (uc1 + ucz) - TACTIVE_MAX2
< 2T - ucy 14)

o
ZZTS-ucz~1

where TacTIvE MAX2 stands for the maximum action time of
the active vectors during buck conversion mode.

It can be seen from (14) that during buck conversion, the
maximum active voltage is smaller than that during the boost
condition in (13), and will be affected by the duty cycle «.

Compared with the traditional DC-DC converters, the volt-
age boost function proposed in this paper does not rely on any
additional active components. This is because the three-phase
motor drive is functional reused, which brings the advantage
of a wider operating range without extra cost. Also, the motor
operating range is significantly extended without the help of
additional active components compared with the traditional
motor drive.

VI. EXPERIMENTAL VALIDATION
In order to verify the correctness of the proposed topol-
ogy and control strategy, the experimental setup is shown
in Fig. 7. The DC-Power is a TDK G300-11.5-1P208-M
voltage source, which is connected to C,. The capacitance
of the flying capacitor Cj is 3300 uF. The core of the main
control board is a digital signal processor, TMS320F28335.
The inverter of the motor drive 1 is an Infineon IGBT mod-
ule (FS100R12KT4) with switching frequency of 10 kHz.
The inductance value of the inductors is 50 mH. The cur-
rent clamps are Tektronix TCPO0O30A high precision current
probes. Two oscilloscopes (Tektronix MOS46 and MS0O44)
are used for signal sampling and recording. The system
variables are also sampled by the oscilloscopes through the
digital to analog converters (DACs) of the controller. The load
is produced by a generator with the same parameter. Main
parameters of the motor are given in Table 2.

The experimental results of the voltage boost function
during precharge process are illustrated in Fig. 8, where the
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FIGURE 8. Experimental results of the voltage boost function.

inductor currents and the capacitor voltages are presented.
At the beginning, the lower capacitor is charged to 50V as
the same voltage value with the DC-source. At #1, the voltage
command of uc; is set the same with the lower capacitor
voltage, uc increases as the inductor current rises. At #, and
t3 the command of uc; is set to twice and 1.5 times of uc,
respectively. And finally the voltage command of uc; is set to
zero at 14. This demonstrate the voltage boost function during
precharge process of the capacitor. It can be seen from Fig. 8
that the voltage of the upper capacitor follows the command
value accurately. Also, this dynamic adjustment only changes
the time distribution of the two zero voltage vectors, which
does not affect the output active vector.

In order to test the system performances during normal
operations of the motor, experimental results are presented
in Fig. 9. At the beginning, both the two capacitor voltage
are charged to 50V. At ¢s, the motor speed command is set
to 500 rpm with light load, whereas a heavy load is added at
t6. The speed command is changed to 1000 rpm at #; and the
load increases as the speed rises. At g the speed changed to
800 rpm and a half load is unloaded at #9. Finally the speed
set to O rpm at 1o and then the voltage command of uc is set
to O V at #17. It can be seen that with the dynamic operation
of the motor, the voltage of uc; fluctuates. However, with the
help of the auxiliary inductors, the voltage can be controlled
within a tolerable value. It should be noted that this ripple
is also rated to the PI parameters of the voltage regulation
module in Fig. 6.

The experimental results with the closed-loop control of
the upper capacitor voltage is presented in Fig. 10, where the
motor starts from O rpm to 800 rpm and then stops. It can be
seen that the voltage of the upper capacitor decreases gradu-
ally with the starting of the motor, and then the total inductor
current rises due to the closed-loop control of the capacitor
voltage. The voltage of the upper capacitor increases subse-
quently. During stopping of the motor, the upper capacitor
voltage increases because of the energy feedback. However,
with the help of the closed-loop control strategy, the upper
capacitor voltage is controlled to follow the voltage of the
lower one.
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FIGURE 10. Experimental results with closed-loop control of the voltage:
(a) inductor currents and capacitor voltages, (b) motor currents and
speed.

It can also be seen in Fig. 10(a), the auxiliary inductor
currents contain ripples with the fundamental frequency of
the motor. This conclusion coincides with the theoretical
analysis in Section IV. However, as the total charging current
is the sum of the three inductor currents, the current ripple
frequency of i, is 3 times of the fundamental one. Also, the
amplitude of the current ripple of i;, is much smaller than
the single inductor current due to the symmetrical auxiliary
inductor currents if A1_AC, iLB1_Ac and iLc1_Ac.

The experimental results of the system performances with
the open-loop control of the capacitor voltages is presented
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FIGURE 12. Experimental results of the motor performance using: (a) the
traditional inverter topology, (b) the proposed topology.

in Fig. 11 (duty cycle is set with the constant value of 0.5),
where the motor also starts from 0 rpm to 800 rpm and then
stops. It can be seen that without the help of PI closed-loop
controller, the voltage of the upper capacitor cannot follow
the lower one. This is similar to that of the open-loop control
of the DC/DC converters. The motor currents and speed are
similar to that with the closed-loop controller.

The comparisons of motor performances between the tradi-
tional and proposed topology are illustrated in Fig. 12, where
the voltage of the DC source is set 30 V. From the results,
it can be seen that the input voltage of the proposed controller
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reaches approximately 60 V, which is 2 times that of the
traditional controller. Therefore, the voltage boost capacity
of the proposed controller is demonstrated. The motor speed
command is set to a very high value that the motor cannot
reach to test the maximum operating speed range. It can be
seen from the results that the maximum speed of the motor
in traditional topology is about 500 rpm, whereas the speed
reaches almost 1000 rpm in the proposed strategy. The motor
speed of the proposed controller is nearly 2 times that of the
traditional controller, which prove the expansion of the motor
operation range.

VII. CONCLUSION

To boost the input voltage of the inverter for IPMSM drives,
a flying capacitor voltage regulation strategy is proposed in
this paper. The voltage of the flying capacitor is adjusted
by controlling the auxiliary inductors that link the inverter
and the DC source. The contributions of this paper are listed
below:

1) No additional power switches are needed for the voltage
boost of the proposed strategy, instead the power switches
within the initial inverter is taken full use of.

2) The inductor current is modulated using the proposed
time distribution strategy of the two zero vectors, thus the
active output vector is not modified and the performance of
the motor is not affected.

3) The voltage of the flying capacitor can be controlled
the same as the source voltage level, thus the input voltage
of the inverter reaches 2 times the source voltage. Therefore,
the operation range of the motor can be extended by nearly
2 times compared with the traditional one.

4) Although the voltage gain is usually set twice in the
proposed topology, considering the low cost and benefit, the
proposed topology still has great appeal.
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