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Abstract

This research proposes a mixed-signal solution
for the control of the power factor correction (PFC)
front-end power supplies in applications to
distributed power supply systems (DSP). This
research develops a mixed-signal implementation
technique for critical mode PFC AC-DC converter
with load adaptive gain scheduling. The peak
current mode control is applied and analyzed by
using the analog circuit. This paper analyzes effect
of the hysteresis band effect of the analog current
comparator in current loop. In digital voltage loop,
the proper quantization resolution of ADC is
determined. The digital voltage controller uses a
digital notch filter to achieve fast dynamic response
and a low total-harmonic-distortion (THD) with
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high power factor (PF). A load adaptive gain
scheduling applies for maintaining same dynamic
response of the output voltage at different load
conditions change. The proposed mixed-signal PFC
control scheme has been verified by using computer
simulation with experimental results to validate
feasibility.

Keywords: distributed power supply, power factor
correction, mixed-signal, digital control, adaptive
gain scheduling.
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Digital Control Strategy for Efficiency Optimization of a BLDC Motor Driver
with VOPFC

Chia-Hao Wu
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Department of Electrical Engineering
National Chiao-Tung Univ., Hsinchu, Taiwan
hoppy.ece91@gmail.com

Abstract--This paper proposes a dual-mode control strategy
for BLDC motor drivers with power factor correction used in
high-efficiency compressor applications. The motor driver
consists of a front-stage variable output voltage PFC (VOPFC)
converter and a rear-stage 3-phase PWM inverter. The VOPFC
converter is a cascaded buck-boost converter with two power
switches to regulate the input line current with low total
harmonic distortion (THD) and at the same time to maintain an
adjustable dc-link voltage which can be either higher or lower
than the peak of the rectified line voltage. The output inverter
stage can be operated in pulse amplitude modulation (PAM)
mode or PWM mode with reduced switching frequency for
efficiency optimization of the compressor motor driver to
maintain a constant V/Hz ratio with specified current ripples.
The proposed control scheme has been verified with a DSP-
controlled VOPFC PWM/PAM motor driver and an efficiency
improvement of 3% has been achieved.

Index Terms--variable output power factor correction
(VOPFC), brushless dc motor, compressor driver, dual-mode
control, efficiency optimization.

L INTRODUCTION

BLDC motors have been widely used in various
applications, and they have a better efficiency and produce
more power for the same size compared to induction motors.
For the rotated speed of the motors, the bus voltage of the
inverter needs high enough to overcome the back-EMF that is
proportional to the speed. The traditional motor drivers are
designed as fixed-voltage-control, so the switching frequency
of pulse width modulation (PWM) is up 16 kHz to rotate
motors for lower current ripples. However the high switching
frequency is always along with the large switching losses [1].
Besides, when the motor rotates in slow speed, the duty cycle
of PWM module in inverter must be low consequently and
the extreme duty cycle may have a greater distortion in the
voltage control for the dead time control.

Moreover, it is well know that power supplies connected
to AC without power factor correction will introduce high
low-order harmonic currents and result poor power quality.
Such harmonic currents cause several problems including
voltage distortion, heating, radiated and conducted noises and
can reduce the capability of the line to provide energy.
Recently the demands for high power factor and low
harmonic distortion in the current drawn from the utility have
been increasing [2]-[3]. As a result, in order to meet the
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requirements of high power factor and high efficiency in
modern motor driver, the control strategy for high power
factor correction and efficiency optimization with the
integration of VOPFC and inverter has been developed [4-6].

Boost converter is usually employed for the single-phase
PFC applications, as shown in Fig. 1(a). But its fixed dc-link
voltage will result higher switching losses at light load under
low speed operation of the compressor driver. In order to
improve the compressor driver at low-speed operation region,
a lower dc-link voltage with minimum switching frequency is
preferred. The VOPFC converter is a buck converter
cascaded with a boost converter shared with a common
inductor, and the schematic of the VOPFC inverter driver is
shown in Fig. 1(b).

The VOPFC converter provides an adjustable output
voltage with a cost of one additional MOSFET and a
switching diode. This paper proposes an integrated control
strategy of the VOPFC inverter driver for dc-link voltage
regulation, line current regulation, and efficiency
optimization. The design and implementation of the VOPFC
controller are presented and their benefits and limitations are
analyzed.

Boost PFC Converter PWM Inverter
LILR >t

F X N ] 4@45}4@
T 1 4)(‘}4)(1}

Y Y l
PWM Inverter

(a)
Cascaded Buck-Boost PFC Converter
JEEEx
C, 4~ V,

|04 4)(‘}4)()}

Fig. 1. Two PFC AC/DC converter topologies for compressor PMSM
drivers (a) boost converter (b) cascade buck-boost converter.
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Fig. 2. Circuits and control system diagram in the integration of VOPFC and inverter.

II.  SYSTEM ARCHITECTURE

This paper proposes the design of VOPFC converter
applied to household compress drivers. We selected the
circuit of cascaded buck-boost to realize the VOPFC, because
the lower cost in the cascaded buck-boost topology lower
than in the buck-boost one for reduced size inductor and
capacitors can be used [7]. The circuit architecture and
system control diagram are as shown in Fig. 2. We cascade
the VOPFC converter and an inverter to form a two-stage
BLDC motor driver.

As shown in Fig. 3, when input voltage is higher than
output voltage, the VOPFC converter is operating in buck
mode via buck-switch (S1) to generate the output voltage. On
the contrary, when input voltage is lower than output voltage,
the system is operating in boost mode via boost-switch (S2)
to generate the output voltage.

Va LN /NS
VNI
Buck :iBoost: Buck :Boost
S1
S2

Fig. 3. Duty cycle and status of switch S1 and S2.

With the feedback of the motor’s speed and phase current,
BLDC motor can be controlled in steady speed and maintain

constant torque. When the compressors work at a relatively
low speed, the back-EMF of motor is low. With the VOPFC
converter, the bus voltage can be decreased, so the inverter
avoids the high switching frequency consuming redundant
switching loss to improve the efficiency of the compressor
motor. Otherwise, in order to speed up the response of
acceleration, the bus voltage increases to meet the back-EMF
that is proportional to speed and the inverter is operated in
PWM mode.

The inverter controller consists of an inner current loop
controller and an outer speed loop controller. The current
loop controller regulates motor phase currents with specified
current ripples and generates PWM signals according to the
Hall-sensor feedback. The speed controller generates a torque
current command according to an estimated speed feedback
from the measured Hall-sensor feedback. When the motor is
running in constant speed mode, the inverter controller can be
operated in PAM mode to minimize switching losses or
PWM mode to minimize torque ripples with specified current
profile.

III. VOPFC CONTROL STRATEGY AND CONTROLLER DESIGN

Fig. 4 is the control block diagram of the cascaded buck-
boost converter. The system controller is designed to be
multi-loop and it includes the current controller and voltage
controller. In order to achieve PFC, the input voltage and the
input current should be maintained in-phase. The system uses
input voltage as the reference to control inductor current. In
the cascade buck-boost circuit, its operation is changing
adaptively between buck and boost mode. In order to speed
up the response of current loop, a feed-forward compensation
controller is employed. It linearizes the transfer function of
the current loop in VOPFC converter and simplifies the
design of current controller.
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Fig. 4. The cascade buck-boost converter with control block diagram.

A.  Small signal analysis and controller design

Due to the need of operating between buck mode and
boost mode with the input voltage being a semi-sine wave, a
non-static voltage source, the controller design must be
considered in different operating points. The current control
block diagram is two stages in the system. First stage is a PI
controller and second stage is the feed-forward compensation
controller.

Before the designing PI controller, the transfer functions
of buck and boost modes should be obtained firstly by the
state-space averaging method. In boost mode, the transfer
function of the converter can be expressed as

sh—
7 (s) RC, (-D) —
T =% ==[1 Olx| Ay LaG) x| &
a© =D s |||
C,A(s) A(s)
_V,0-D) s,
T LxA(s) C, XA (s)

By the same method, the transfer function for buck mode can
be expressed as

-1

1
76) S Ve
T, gk ($) =~—= [ olx -1 1 XL
d(s) — s+ 0 ()
L RLCL ’
— 1 I/in
A,(s) C, XL
where A, (s) and A, (s)are
_ 2
Al(s)=s2+i+M (3)
RC, LC,
A, (s)=s+ s +L 4)
: R,C, LC,"

The above equations show that the transfer functions of
the buck and boost converters are both second-order systems.

The transfer function of boost has a zero but the one of buck
doesn’t. After calculating the transfer functions of boost and
buck, the bandwidths of current control loop under different
operating points are distinctly discussed. Analyzing the small
signal models of buck and boost circuit under variable input
voltage, the minimal bandwidth and worst response appeared
at the border of buck and boost. The bode plots of the buck
and boost are shown in Fig. 5. The SISO tool in the
MATLAB was used to synthesize the compensation zero of
PI controller for the current loop. The goal for design of
current controller would increase the bandwidth of current
loop to improve response speed.

Bode Dagram

Magnitude (dB)
B 8 8 8 8 J

83

Phase (deg)

Frequency (rad/sec)

Fig. 5. The bode plots of the transfer functions of buck and boost when input
voltage is 100V.

After designing the first stage current controller, the feed-
forward compensation controllers in second stage were
designed independently for buck mode and boost mode.

B.  Feed-forward Compensation Controller

In order to let the system have the quicker speed of
response, the paper proposes the design of the multi-loop
controller for the buck-boost circuit as shown in Fig. 6. The
minor loop is current control and the major loop is voltage
control. In order to linearize and improve the current response,
the feed-forward compensator controller is designed as
shown in Fig. 7. With the current compensator, the current
response has the lower steady state error and the PI
compensator design can be simple, even if the system is
operated alternately in buck or boost modes.

Sampling frequency: 2k Hz Sampling frequency: 20 kHz

BBuck/Boost|
Switch
Regulator

controller

Fig. 6. Current controller and voltage controller in VOPFC.
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After designing the first stage current controller, the
second-stage was continuously designed separately for buck
and the boost circuit characteristics.

When system is operated in boost mode, the current
incremental Aj, in the input inductor during a PWM

switching period T, with duty ratio of d can be expressed as

AL, =V, -, ©

This is the desired voltage that we need to apply to the
inductor, let’s denote as V. It can be expressed as

Vd = I/in _(1 _d)l/(mt s (6)

where V, is the output of the PI controller K(s) and it is the
command of the voltage that we want to apply to the inductor
to result a increment current to reduce the current error as
shown in Fig. 7.

I/in — 1 _ d (7)

out

The PI current compensation controller K(s) can improve the
steady state error.

The consideration in buck mode is similar with boost
mode. ¥, is the output of the PI current loop controller K(s),
which is the voltage we want to apply to the inductor to result
a current increment of A/, to reduce the current error.

V,+V,,
oui = d 8
A ®)
With the employment of the feed-forward compensator for
the current loop regulation, the current response can be
improved significantly to achieve low current harmonic
distortion.

C. Inductor current command compensation

When the system is operated in boost mode, buck-switch
(S;) is constantly conducted and input current is equal to
inductor current. The ripple of inductor current can be
reduced by selecting the proper inductance, hence decreasing
the THD of the input current. However, during the buck
mode, the current through S; is the input current, ant it is

intermitted due to the switching of power switch. As a result,
an EMI filter is required to decrease THD to improve PF.

As known form the above, if the duty cycle of switch S;is
Dg,.i, the input current can be calculated by

Iin = DBuck X IL (9)

where [;,1s the input current and /; is the inductor current. If
the inductor current command maintains the waveform as
sine-wave, the input current will be non-sine-wave.
Consequently, a compensation of inductor command is
required in buck mode.

Because the input voltage p; is converted into a stable

DC voltage from a rectified semi-sine-wave via converter,
according to the characteristic of buck converter, during
continuous current mode (CCM), operation status of the
system are as the following.

V. =V, sin(at) (10)
V
DBuck = V:z (11)
I, =Dy, %I —4—jl—fxl 12
in Buck L Vd S]n(al) L> ( )

is the duty of S;.

From (12), if inductor current J, is proportional to input

where V is input voltage and D, ,

voltage, the input current will be the constant value and the
waveform will be distorted. As a result, a current
compensation is implemented to eliminate this problem. In
according to (12), inductor current command 7, ; in buck

mode is corrected as the following:

1,,,=K, sin( @) X (13)

Buck
From (12) and (13), it can be suggested that input current
becomes sine-wave after compensation, as shown in Fig. 8.

IV. INTEGRATION SYSTEM DESIGN

A.  Inductor ripple current analysis

During operation of a motor, the current is proportional to
output torque and back EMF is proportional to the rotation
speed. As shown in Fig. 9, ripple current /, is A, during this

operation condition, /,pass through switches S; and Ss or S,
and Ss. Because the current flow through two switches
simultaneously, the switching conduction loss is analyzed as
follows:

; (14)

A, =(¥)XDXTS

s
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Above equation suggests that switch conduction loss is
related to ripple current in identical switching component.
Switch conduction loss can be controller if inductor ripple
current is controlled.

Vin lin
222 ] // “\\
200 \W/ X
(a)
IL

(b)
Fig. 8. (a) Input current and input voltage and (b) inductor current command
and inductor current in VOPFC converter.
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Fig. 9. (a) Schematic of the inverter and the BLDC motor. (b) Illustrated
waveform of phase current under closed-loop PWM control.

Assuming speed and load torque of motor are constant,
and back-EMF y_ is proportional to motor speed. The

motor controller is operated under different bus voltage V,
and V, the current ripples can be calculated from (14), and
the relationship of A, and A, isexpressed as

Vi =V,

dc £

Vch il

£

><Vg xT —7'><Vg xT 17
Ls del ! Ls Vch 2 ( )
Vé‘
Tsl — Vch - Ve X Vdcl — Vch (18)
Tsz Vdcl _Vg Vch 1— Ve ’

where T;; and Ty, are the periods of stitching.

According to the above equations, as motor drive is
operated under a lower bus voltage, the switching frequency
decreases accordingly to maintain the same level of inductor
current ripple with the same conduction losses of power
switches, and switching loss decreases significantly to
improve the efficiency.

Fig. 9(a) and Fig. 10 show that high side switch and low
side one switch alternately under a fixed switching frequency.
During the transition of switching of power switches, the
voltage waveforms and the current one overlap and result the

switching losses in power switches [8]. The losses p ,

after one complete cycle are calculated.

V,.i V
Pm1+P0ff =%Xtd7(m+%lz><tdiojf (19)

Assuming £ =l =1y

d_on

P\' {)7[+PY 0) | +i
PS Loss — — =t =(ll ZZ)XVd(‘XthfY
T 2 L Qo)
=i XVdL'Xthfs' o< VdL'Xf\'

L,avg

where i and i, are the maximum and minimum of the
inductor current, ; y is switching overlap, and f is the

switching frequency.
From (18) and (20), the ratio of switching losses in
different bus voltages can be expressed as

P — Vdch sl — V T

PA‘Z Vdc'l X s2 defl ]-;'l
14
- e . Q1)
:(@)X( Vdcl ): Vdcl _Vg
Vier 1— L Vier = Ve
Vch

From (21), the relationship between the bus voltage V.
and switching loss p ~ with the same back-EMF J_ is

shown in Fig. 11.
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Fig. 11. The relationship between bus voltage V. and switching loss under
the restriction that the current ripple A is the same.

Fig. 11 shows the results of the above equations, and we
can understand that when the system is operated in steady
speed, switch conduction loss is decreased via decreasing
VOPFC output voltage or even instruct the system to work in
PAM mode. On the contrary, the bus voltage is increased to
improve current response when the system needs to
accelerate. Required frequency modulation is realized by the
usage of DSP 2407A micro-controller, which allows rapid
variation of operation frequency. The hysteresis comparison
look-up table of operation frequency for PWM modulation in
different bus voltage is shown in Fig. 12.

B.  Mode selection controller

The mode selection control block diagram is designed as
shown in Fig. 13. If the speed error is less than the limit, it
means that the motor has rotated in steady speed and the
operation mode will be changed to PAM mode. In PAM
operation mode, the bus voltage decreases continuously until
the PWM module is full duty [9]. At this time, the output
voltage of VOPFC converter is as low as the back-EMF of

motor and the switching frequency of the inverter is as low as
the electric frequency of the motor. On the contrary, if the
speed command varies, the speed error will be higher than the
limit suddenly and the operation mode will be changed to

PWM mode.
110VAC V, =50V~300V PuSM
— - N7
Tt TTTTTE {
PWM/PAM Current Current [+—
Select Controller| Controllerie— Hall
T T Sensors
Voltage Speed
Controller<::> Controller|
PWM  Mode PAM Mode
Speed: 1000rpm~2000rpm Speed: 1000rpm~500rpm
(a)
vde(V) e 1520 kHz
300
f;=10 kHz
200 L~
f;=5 kHz
100 [
50
500 1000 2000 Speed(rpm)
(®)
Fig. 12. The hysteresis comparison look- up table.
Vde—»| M
U VOPFC —
X
speed” j
— PWM/PAM
selector M
speed SNy Inverter [—
| X
speed

Fig. 13. The mode selection controller for PWM or PAM.

V. SIMULATION AND EXPERIMENTAL RESULTS

The proposed digital control strategy is verified through
the simulation and experiment. The experiment has been
realized with a DSP controlled BLDC motor drive. A switch-
mode controller is designed to ensure the VOPFC converter
working stability in buck mode or boost mode.

In Fig. 14(a), the output voltage is 100V, output power is
200W, and the ripple of output voltage is limited to 10%. In
Fig. 14(b) and Fig. 15, the experiment waveforms verify that
the VOPFC converter works well and regulates the constant
output voltage in each buck mode or boost mode. The
measured power factor is 94% and the efficiency is 93%. In
Fig. 16, the motor can be operated stability in different dc
voltage and the VOPFC can also be operation steady under
the speed changing in simulation. The rated power and rated
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speed of BLDC motor utilized in the present experiment are
550W and 3000rpm. With motor speed set at 1000rpm and
having consistent torque load, the motor is operated
independently under 100V bus voltage, with 20 kHz or 10
kHz switching frequency for each. The phase current /, of the
motor and the command signal K, used to change operation
switching frequency are shown in Fig. 17. When the system
is operating alternately at 100V and 300V bus voltage, the
switching loss in 100V voltage can reduce half of the one in
300V voltage for the same speed of motor. The efficiency of
BLDCM drive can improve about 3%.
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Stop. M Pos: 4.200ms MEASURE

1

M 1.00eks

24-unb03 1444
T

(2) (b)
Fig. 14. (a) The simulation wave of input voltage, output voltage and the
response input current. (b) The experiment wave of input voltage, output
voltage and the buck and boost switching signals.
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Fig. 15. The experiment waveforms of the'in'put voltage, the input
current, and the inductor current of the VOPFC converter when V, is
100 V and P, is 250 W.
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Fig. 16. (a) The VOPFC output voltage steady in variable speed control in
simulation. (b) The motor speed response is stable in variable output voltage
of VOPFC in simulation.
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Fig. 17. The phase current /, of the motor and the command signal K, used to
change operation switching frequency in experiment.

VI. CONCLUSION

This paper has proposed a dual-mode control strategy for
BLDC motor drivers with power factor correction used in
high-efficiency compressor applications. The output inverter
stage can be operated in PAM mode or PWM mode with
reduced switching frequency for efficiency optimization of
the compressor motor drive to maintain a constant V/Hz ratio
with specified current ripples. The proposed control scheme
has been verified with a DSP-controlled VOPFC inverter
motor driver and an efficiency improvement of 3% has been
achieved. When the compressor drive runs in constant speed
mode, the VOPFC converter can maintain a constant dc
output with low input current THD during the transition
between buck and boost modes. If the compressor driver runs
in acceleration/deceleration mode, the dc-link voltage is
controlled with a specified ramping rate. Based on the
proposed control scheme, innovative PWM control schemes
can be developed to improve the inverter efficiency and
reduce the motor audio noise by controlling the PWM duties
to achieve specified phase current profile.
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