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PFC Bridge Converter for Voltage-controlled Adjustable-speed
PMBLDCM Drive

Sanjeev Singh” and Bhim Singh*

Abstract - In this paper, a buck DC-DC bridge converter is used as a power factor correction (PFC)
converter for feeding a voltage source inverter (VSI) based permanent magnet brushless DC motor
(PMBLDCM) drive. The front end of the PFC converter is a diode bridge rectifier (DBR) fed from
single phase AC mains. The PMBLDCM is used to drive the compressor of an air conditioner through
a three-phase voltage source inverter (VSI) fed from a variable voltage DC link. The speed of the air
conditioner is controlled to conserve energy using a new concept of voltage control at a DC link pro-
portional to the desired speed of the PMBLDC motor. Therefore, VSI operates only as an electronic
commutator of the PMBLDCM. The current of the PMBLDCM is controlled by setting the reference
voltage at the DC link as a ramp. The proposed PMBLDCM drive with voltage control-based PFC
converter was designed and modeled. The performance is simulated in Matlab-Simulink environment
for an air conditioner compressor load driven through a 3.75 kW, 1500 rpm PMBLDC motor. To vali-
date the effectiveness of the proposed speed control scheme, the evaluation results demonstrate im-
proved efficiency of the complete drive with the PFC feature in a wide range of speed and input AC

voltage.
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1. Introduction

The air conditioning (air-con) system is prevalent and
inevitable in the cities of developed nations because major-
ity of the population live in high-rise buildings. However,
in such applications, air conditioners consume a large
amount of energy and constitute a significant part of the
total electrical power demand in the domestic sector.
Therefore, measures to increase energy efficiency and re-
duce the energy demand are needed.

Usually, the air conditioner has a compressor driven by a
single-phase induction motor; the temperature in the air-
conditioned zone is regulated over a hysteresis band
through the ‘on/off’ control of the compressor motor.
Therefore, the motor is operated only at full load (com-
pressor ‘on’) at nearly constant speed, i.e., rated speed, [1]
because these motors achieve maximum efficiency near the
rated load only. The ‘on/off” control provides inefficient
temperature control with increased losses in the motor dur-
ing frequent ‘on/off” operation. Efforts to improve the effi-
ciency of the existing air-con system using new mechanical
and electronic system designs have resulted in marginal
improvement in system efficiency; however, the variable
speed operation of the air conditioner significantly im-
proves system efficiency [2]. Moreover, the compressor
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driven by a motor with speed control delivers the desired
cooling capacity and maintains the room temperature effec-
tively and efficiently.

A permanent magnet brushless DC motor (PMBLDCM)
has a wide speed range, high efficiency, rugged construc-
tion, ease of control, and low maintenance requirements; it
is a good option for an air conditioner compressor.
PMBLDCM is a three-phase synchronous motor with per-
manent magnets (PMs) on the rotor and trapezoidal back
electromotive-force (EMF) waveform. The commutation is
accomplished by electronic switches, which feed current to
the motor windings as a function of the rotor position,
thereby replacing the mechanical commutator and brush
gear [3-7]. PMBLDCM is operated through a three-phase
voltage source inverter (VSI), which is fed from single-
phase AC supply using a diode bridge rectifier (DBR), fol-
lowed by a smoothening DC link capacitor (Fig. la).
PMBLDCM is supplied by three-phase rectangular current
blocks of 120° duration, in phase with the constant part of
the back EMF waveform. These motors need rotor-position
information only at the commutation points, e.g., every 60°
electrical in the three-phase, requiring a simple controller
for commutation [3-7]. Some efforts [1, 8, 9] have been
made to use PMBLDCM in air-con applications in vehicles
and in the domestic sector.

The PMBLDC motor is operated at a constant torque
(i.e., rated torque) with speed control to improve energy
efficiency [9]. In fact, the back-EMF of the PMBLDCM is
proportional to the motor speed and the developed torque is
proportional to its phase current [3-6]; therefore, a constant
torque is maintained by a constant current in the stator
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Fig. 1a. Control schematic of conventional PMBLDCM
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Fig. 1b. Current waveform at input AC mains and the har-
monic spectra of the conventional PMBLDCM
drive shown in Fig. la at a rated torque and 220
VAC input.

winding of the PMBLDCM, whereas the speed can be con-
trolled by varying the terminal voltage of the motor. A new
speed control scheme that uses DC link voltage propor-
tional to the desired speed of the PMBLDC motor is used
in this work. VSI control is based on the rotor position sig-
nals and used only for electronic commutation of the
PMBLDC motor.

The PMBLDC motor fed from single-phase AC mains
through DBR-VSI, results in power quality (PQ) problems
at input AC mains. These problems include poor power
factor, increased total harmonic distortion (THD) in AC
mains current, and a high crest factor (CF) as shown in Fig.
1b. These are due to uncontrolled charging of the DC link
capacitor, which results in a pulsed current waveform hav-
ing a peak value higher than the amplitude of the funda-
mental input current at AC mains. Therefore, suitable
measures for mitigation of PQ problems are necessary.
Therefore, the use of power factor correction (PFC) to-
pologies [9-19] is recommended for such drives. A stan-
dard IEC 61000-3-2 [20] is a power quality standard that
outlines allowable limits of different harmonics for the
drives in the low power range (current less than 16 A).

A DC-DC converter is used as a PFC converter between

Fig. 1c. Control schematic of the proposed bridge-buck
PFC converter fed PMBLDCM drive.

DBR and VSI while feeding the PMBLDCM from the sin-
gle-phase AC mains [9-11]. The DC-DC converter controls
the DC link voltage fed to the VSI from an uncontrolled
DC output of DBR, along with power factor (PF) im-
provement at AC mains through high frequency switching
of the converter. A PMBLDCM rated at 3.75 kW, 250 V,
1500 rpm, and 23.87 Nm torque is used to drive an air
conditioner compressor. There are many DC-DC converter
topologies available, including buck, boost, and buck-boost
with variations of isolated and non-isolated topologies and
a number of switches (single, two, or four switches) [10-
19]. A buck bridge DC-DC converter is used in this work
due to the low voltage, isolation, and high power require-
ments of the load in a wide output voltage range. A detailed
modeling, design, and performance evaluation of the pro-
posed speed control scheme with the PFC converter for an
air conditioner compressor is presented to demonstrate
high efficiency and reduced energy consumption with de-
sired speed control. The features of the speed control using
the DC link voltage control, power factor correction at
input AC mains, and reduced THD of AC mains current
are added advantages of the buck bridge PFC converter
[12-17].

2. Proposed PMBLDC Motor Speed Control
Scheme of Air Conditioners

The proposed control scheme is shown in Fig. 1c with
the commutation control in VSI and speed control (i.e.,
voltage control) with PFC through a DC-DC converter. It
controls the speed by controlling the reference DC link
voltage as an equivalent reference speed, thereby replacing
the conventional control of the motor speed and a stator
current involving various sensors for voltage and current
signals. Moreover, the rotor position signals are used to
generate the switching sequence for VSI, which acts only
as an electronic commutator of the PMBLDC motor. The
rotor position of PMBLDCM is sensed using Hall effect
position sensors, which are converted to signals for elec-
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Table 1. Back EMF signals based on the Hall effect sensor

signals
H, H, H, E, E, E,
0 0 0 0 0 0
0 0 1 0 -1 +1
0 1 0 -1 +1 0
0 1 1 -1 0 +1
1 0 0 +1 0 -1
1 0 1 +1 -1 0
1 1 0 0 +1 -1
1 1 1 0 0 0

Table 2. VSI Switching sequence based on the back EMF

signals
E. | B | E Si S S S Ss S
0 0 0 0 0 0 0 0
0 -1 +1 0 0 0 1 1 0
S|+ 0 0 1 1 0 0 0
-1 0 +1 0 1 0 0 1 0
+1 0 -1 1 0 0 0 0 1
+1 -1 0 1 0 0 1 0 0
0 +1 -1 0 0 1 0 0 1
0 0 0 0 0 0 0 0 0

tronic commutation as given in Table 1. These signals are
used to generate switching sequence for VSI as shown in
Table 2.

The DC link voltage is controlled by a buck bridge DC-
DC converter based on the duty ratio (D) of the converter.
For fast and effective control with reduced size of magnet-
ics and filters, a high switching frequency is used; however,
the switching frequency (f;) is limited by the switching
device used, the operating voltage, and the power level,
thereby switching losses of the device. Metal oxide field
effect transistors (MOSFETS) are used as switching devices
for high switching frequency in the proposed PFC buck
bridge converter. However, insulated gate bipolar transis-
tors (IGBTs) are used in the VSI bridge, which feeds
PMBLDCM to reduce switching stress and EMI filtering
issues because it operates at a lower frequency compared
with PFC switches.

The PFC control scheme uses a speed (equivalent volt-
age) control loop inside the current control loop with cur-
rent multiplier approach. The PFC converter is designed to
operate in the continuous conduction mode (CCM) with
average current control scheme. The control action begins
with the comparison of sensed DC link voltage with a volt-
age equivalent to the reference speed. The resultant voltage
error is passed through a voltage controller to give the
modulating current signal. This signal is multiplied with a
unit template of input AC voltage and compared with DC
current sensed after the DBR. The resultant current error is

amplified and compared with the saw tooth carrier wave of
fixed frequency (f;) to generate PWM pulses for the DC-
DC converter [18]. The complete control scheme includes
sensor selection, control algorithm design, and PWM con-
trol of the PFC switch.

3. Design of the PFC Buck Bridge Converter-
based PMBLDCM Drive

The PFC buck bridge converter is designed for a
PMBLDCM drive with a DBR at the front. The parameters
of this PFC converter are selected on the basis of PQ con-
straints at AC mains and allowable ripple in DC link volt-
age. The DC link voltage of the PFC converter is given as,

Vi =2 (N2i/Ny) Vi, D and N, =N,, 1

where Ny, N,;, and N,, are the number of turns in primary,
secondary-upper, and lower windings of the high frequency
(HF) isolation transformer, respectively.

V,, is the average output of the DBR for a given AC in-
put voltage (V) related as

V,,=2\2V/n Q)

To reduce the ripples introduced due to high switching
frequency, a suitable ripple filter is designed for constant
output voltage of the buck bridge converter. The induc-
tance (L,) of an output ripple filter restricts the inductor
peak to peak ripple current (Aly,) within a specified range
for the given switching frequency (f;), whereas the capaci-
tance (C,) is calculated for a specified ripple in the output
voltage (AV,) [18-19]. The output filter inductor and ca-
pacitor are given as,

L= (0.5-D)Vyo/ {f(AlLo) § )
Co=1,/20AV(,) 4)

The PMBLDCM considered in this work is rated at 3.75
kW, 1500 rpm. Therefore, the PFC converter is designed at
a base DC link voltage of V4. =200 V at V;,=198 V for V,
=220 Vrms. Other design data include: f; =40 kHz, [, = 20
A, AVe= 6 V (3% of Vy), A= 2.0 A (10% of ).
The design parameters are calculated as L,=0.6 mH,
C,=5000 pF.

The main components of the proposed PMBLDCM
drive are the PFC converter and PMBLDCM drive, which
are modeled by mathematical equations. The complete
PMBLDCM drive is represented as a combination of the
individual models of the PFC converter and the VSI-fed
PMBLDCM drive. The modeling is discussed in the next
section.
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4. Modeling of the Proposed PFC Converter-based
PMBLDCM Drive

The modeling of the PFC converter consists of the mod-
eling of a speed controller, a reference current generator,
and a PWM controller.

4.1 Speed Controller

The speed controller, the prime component of this con-
trol scheme, is a proportional-integral (PI) controller that
closely tracks the reference speed as an equivalent refer-
ence voltage. A voltage gradient less than 800 V/s is intro-
duced for the change of DC link voltage during step
change of the reference voltage due to the change in the
reference speed, which ensures the stator current of
PMBLDCM within the specified limits (i.e., double the
rated current).

At the k™ instance of time, V*,.(k) is the reference DC
link voltage, V4.(k) is the sensed DC link voltage, and the
voltage error V (k) is calculated as,

Ve(k) =V*4e(k)-Vae(k) ©)

The PI controller gives desired control signals after
processing this voltage error. The output of the controller
I.(k) at k™ instant is given as,

Lo () =L (k-1) + Ky {Ve(k) - Ve(k-D} + KiVe(k)  (6)

where K, and K; are the proportional and integral gains of
the PI controller.

4.2 Reference Current Generator

The reference input current of the buck bridge converter
is denoted by i4.* and is given as,

ldc* = Ic (k) Uys (7)

where u,, is the unit template of the voltage at input AC
mains calculated as,

Uys = Vd/Vsm; Va= |Vs|; A Vsm sin wt (8)

where w is the frequency in rad/sec at input AC mains.

4.3 PWM Controller

The reference input current of the buck bridge converter
(14.*) is compared with the sensed current (ig.) to generate
the current error Aig=(ig.* - ig.). This current error is am-
plified by gain kg, and compared with fixed frequency (f;)
carrier waveforms my [18] as shown in Fig. 2a to get the
switching signals for the MOSFETs of the buck bridge
PFC converter. Fig 2b shows simplified carrier waveforms
my;(t) and my,(t) that are compared with the amplified error

A4 4/
Vl/l/l/l

Fig. 2a. PWM Control Scheme of the Proposed Bridge-
buck PFC converter.
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Fig. 2b. PWM Control Scheme of the Proposed Bridge-
buck PFC converter.
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Fig. 2c. Ideal Voltage and Current waveforms of the
Bridge-buck PFC converter.
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Fig. 2d. Simulated Voltage and Current waveforms of the
Proposed Bridge-buck PFC converter during opera-
tion of PMBLDCM under steady state condition at
Rated torque (23.87 Nm) and 1500 rpm speed.
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(kge Alge) to get two sets of PWM signals for two pairs of
MOSFETs i.e., SAI: 832 and SBI’SAZ as,

If kdc Aidc > my; (t) then SAI = SB2 =1lelse0 (9)
If kdc Aidc > my, (t) then SAZ = SBl = 1 else 0 (10)

where S,;, Sx, and Sg;, S, are upper and lower switches
of different legs of the buck bridge converter (Fig. 1). The
values ‘1’ and ‘0’ represent the ‘on’ and ‘off” positions of
the respective MOSFET of the PFC converter. When none
of the MOSFETs are ‘ON’, the current tends to become
zero through feedback diodes Dy, Da), Dy, and Dy, of the
MOSFETs (Fig. 2c¢) This results in the appearance of
voltage Vy; across the input terminals of the high frequency
(HF) transformer.

The voltage at the input of the high frequency trans-
former (V) is given as

V1i = Vin (Sa1-Sg1) (11)

The waveforms of voltage at the input of the high fre-
quency transformer (Vy;), switch voltage, and currents are
verified by the simulation results shown in Fig. 2d. The
noise in these waveforms is due to high frequency switch-
ing and variation of error (kg Aig) during the simulation.
The turns ratio of the high frequency transformer is taken
as 1.9:1 (i.e. Ny/N; where N,= N,;=N,,) to maintain the
desired DC link Voltage at low input AC voltages typically
at 170V.

5. Modeling of the PMBLDCM Drive

The PMBLDCM drive consists of an electronic commu-
tator, a VSI, and a PMBLDC motor. These components are
modeled as given below.

5.1 Electronic Commutator

The electronic commutator uses signals from the Hall ef-
fect position sensor to generate signals (Table 1). The
switching sequence for the voltage source inverter is gen-
erated based on the logic given in Table 2.

5.2 Voltage Source Inverter (VSI)

Fig. 3 shows an equivalent circuit of a VSI-fed
PMBLDCM. The output of VSI to be fed to phase ‘a’ of
the PMBLDC motor is given as,

Voo =(Vg/2) for S;=1andS,=0 (12)
Vo =(-Vg/2) for S;=1landS;=0 (13)
Vo =0 for S;=0andS,=0 (14)

Van = Vao = Vno (15)

where 1 and 0 represent the ‘on’ and ‘off” positions of the

—>e

i JGJG
| 1 J%}J%} |

Fig. 3. Equivalent Circuit of a VSI-fed PMBLDCM Drive.

. i 4

IGBT switch of the VSI, respectively, and are considered in
a similar way for other IGBT switches of VSI i.e., S;- S.

Using similar logic, Vi, Veo, Vin, and v, are generated for
two other phases of the VSI feeding PMBLDC motor. The
voltages V,, Vb, Veo, and vy, are voltages of the three-
phases and the neutral point (n) with respect to the virtual
mid-point of the DC link voltage shown as ‘o’ in Fig. 3.
The voltages v,,, Vi, and v, are voltages of three-phases
with respect to the neutral point (n); V4. is the DC link
voltage.

5.3 PMBLDC Motor

The PMBLDCM is modeled in the form of a set of dif-
ferential equations given as,

Van = Ria + p)\'a +ean (16)
Vpn = Rip, + pAy, ey, 17
Ven = Rig + pA; +eg, (18)

In these equations, p represents the differential operator
(d/dt); i,, 1, and i, are current; A,, Ay, and A, are flux link-
ages, and e,,, e, and e, are the phase to neutral back EMF
of PMBLDCM, in respective phases; R is the resistance of
motor windings/phase. Moreover, the flux linkages can be
represented as,

A, =L, - M (ip, + i) (19)
My, = Lty - M (1, i) (20)
)\'c = Lsic -M (ib+ ia) (21)

where L is the self-inductance/phase, M is mutual induc-
tance of the motor winding/phase. PMBLDCM has no neu-
tral connection, therefore,

i,ti,ti,=0 (22)

From Egs. (15-22) the voltage (v,,) between the neutral
point (n) and the mid-point of the DC link (o) is given as,

Vno = {Vao +Vbo + Veo - (ean +ebn +ecn)}/3 (23)
From Egs. (19-22), the flux linkages are given as,

}‘a = (LS+M) ia, }“b = (L5+M) iba 7‘0 = (LS+M) ic (24)
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From Egs. (16-18 and 24), the current derivatives in the
generalized state space form are given as,

pix = (Vxn - ix R- exn)/(Ls+M) (25)

where x represents phase a, b, or c.
The developed electromagnetic torque T, in the
PMBLDCM is given as,

Te = (ean ia + Cbn ib +ecn lc)/ ®r (26)

where @, is the motor speed in rad/sec,
The back EMFs may be expressed as a function of rotor
position (0) as,

exn= Ky £(0) o 27

where x can be phase a, b, or c; accordingly, f(0) repre-
sents function of the rotor position with a maximum value
+1 identical to the trapezoidal-induced emf given as,

£ =1 for0<0<2n/3 (28)
£00)=1{(6/m)(n-0)1-1  for2m/3<0<n (29)
£0)=-1  forn<0<5n/3 (30)

Jfa(0) = {(6/m)(0 -2m)} +1

The functions f,(6) and f(0) are similar to f,(0) with a
phase difference of 120° and 240°, respectively. Therefore,
the electromagnetic torque is expressed as,

for 5t/3 <0 <2n 3D

Te =Ko {£a(0) 1 + /6(0) i+ fe(0) ic} (32)

The mechanical equation of motion in the speed
derivative form is given as,

po, = (P/2) (Te-T-Bw,)/(J) (33)
The derivative of rotor position is given as,
PO = o, (34)

where P is the number of poles, T is the load torque in Nm,
J is the moment of inertia in kg-m”, and B is the friction
coefficient in Nms/Rad. These equations (16-34) represent
the dynamic model of the PMBLDC motor.

6. Performance Evaluation of the Proposed
PMBLDCM Drive

The proposed PMBLDCM drive is modeled in Matlab-
Simulink environment and evaluated for an air condition-
ing compressor load. The compressor behaves as a con-
stant torque load equal to the rated torque with speed con-
trol to match air conditioning system requirements. The

PMBLDCM rated 3.75 kW is used to drive the compressor
load of an air conditioner. Detailed data of the motor and
simulation parameters are given in the Appendix. The
speed of the motor is controlled effectively by controlling
the DC link voltage. The performance evaluation of the
proposed topology is carried out on the basis of various
parameters such as total harmonic distortion (THD;). The
crest factor (CF) of the current at input AC mains, dis-
placement power factor (DPF), power factor (PF), and effi-
ciency of the complete drive (ngve) at different speeds of
the motor. Moreover, these parameters are also evaluated
for variable input AC voltage at a constant DC link voltage
of 245 V, which is equivalent to the 1500 rpm reference
speed of the PMBLDCM. The results are shown in Figs. 4-
9 and Tables 3-4 to demonstrate the effectiveness of the
proposed PMBLDCM drive in a wide range of speed and
input AC voltage. The comparison of results obtained from
conventional topology (Figs. 1a and b) and the proposed
buck bridge PFC topology (Figs. 7-9) demonstrates im-
provement of the PQ indices for the same PMBLDCMD
under various operating conditions.

6.1 Performance during Starting

The performance of the proposed PMBLDCM drive fed
from 220 V AC mains during starting at a rated torque and
1000 rpm speed is shown in Fig. 4a. A voltage rate limiter
of 800 V/s is introduced in the reference voltage to limit
the starting current of the motor and the charging current of
the DC link capacitor. Therefore, the voltage controller
closely tracks the reference voltage ramp, and the motor
attains reference speed smoothly within 0.8 sec while keep-
ing the stator current within the desired limits, i.e., double
the rated value. The current (iy) waveform at input AC
mains is in-phase with the supply voltage (v,), demonstrat-
ing near unity power factor during the starting period.

6.2 Performance under Speed Control

Figs. 4-6 show the performance of the proposed
PMBLDCM drive under speed control at a constant rated
torque (23.87 Nm) and 220 V AC mains supply voltage.
These results are categorized as performance during tran-
sient and steady state conditions.

Transient Condition: Figs. 4b-d show the performance
of the drive during speed control of the compressor. The
reference speed is changed from 1000 rpm to 1500 rpm
for the rated load performance of the compressor; from
1000 rpm to 750 rpm for the compressor at half the rated
load; and from 750 rpm to 300 rpm for the compressor at
light load. Speed control is fast and smooth in either di-
rection, i.e., acceleration or retardation. Moreover, the
stator current of PMBLDCM is within the allowed limit
(twice the rated current) due to the introduction of a rate
limiter in the reference voltage. Moreover, near unity
power factor is maintained by the drive during these tran-
sient conditions.

Steady State Condition: The speed control of the
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Fig. 4a. Starting performance of the PMBLDCM drive at
1000 rpm
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Fig. 4b. Performance of the PMBLDCM drive under speed
variation from 1000 rpm to 1500 rpm
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Fig. 4c. Performance of the PMBLDCM drive under speed
variation from 1500 rpm to 750 rpm
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Fig. 4d. Performance of the PMBLDCM drive under speed
variation from 750 rpm to 300 rpm

Fig. 4. Performance of the PMBLDCM drive under speed
variation at 220 VAC input
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Fig. 5a. Performance of the PMBLDCM drive at 300 rpm.
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Fig. 5b. Performance of the PMBLDCM drive at 750 rpm.
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Fig. Sc. Performance of the PMBLDCM drive at 1000 rpm.

PMBLDCM-driven compressor under the steady state con-
dition is carried out for different speeds; the results are
shown in Figs. 5-6 and Table 1-3 to demonstrate the effec-
tiveness of the proposed drive in a wide speed range. Figs.
5(a-d) show voltage (v,) and current (i;) waveforms at AC
mains, DC link voltage (Vg4.), motor speed (N), developed
electromagnetic torque of the motor (T.), the stator current
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Fig. 5d. Performance of the PMBLDCM drive at 1500 rpm .

Fig. 5. Performance of the PMBLDCMD under the steady
state condition at 220 VAC input.
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Fig. 6. Proposed PMBLDCM drive under speed control at
arated torque and 220 V AC input.

of the PMBLDC motor for phase ‘a’ (I,), and shaft power
output (P,) at 300 rpm, 750 rpm, 1050 rpm, and 1500 rpm.
Fig. 6(a) shows the linear relation between motor speed
and DC link voltage. Since the reference speed is decided
by the reference voltage at DC link, control of the refer-
ence DC link voltage controls the speed of the motor in-
stantaneously. Fig. 6(b) shows the improved efficiency of
the complete drive (ngive) in @ wide range of motor speed.
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Fig. 7a. Variation of current THD at AC mains.
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Fig. 7b. Variation of DPF and PF.

Fig. 7. PQ parameters of PMBLDCM drive under speed
control at a rated torque and 220 V AC input.

10 20

) %o
- -
20
40 1.84 195 196 1.97 198 1.99
T84 195 196 1% 183 169
Tirme (s}

Time () =5
=5 =
] = =
H Funcamental (S0Hz) =7 963 A, T 4 Funmme?:gﬁ'—zégmae &
4 THD= 6.89% £ =38.48%
8, B3
7 i
w
52 52
P o
i | %1
L | | Al Zg R T O O O O

n 5 10 15 il o 5 10 15 20

Harmonic ardzr Harmonic order

Fig. 8a. THD; at 300 rpm Fig. 8b. THD; at 750 rpm

g0 50

30/\/\/\/ SD/\/-\/\_/
i i

50 -
182 186 194 195 195 1.97 94 185 196 157 133 193
Time ig) Time (s)

Funhdamental (S0HzZ) = 12.43 A,
THD=2.68%

Fundamental (50Hz) =27.85 A,
THD=2.25%

Mag (% of Fundamental)
f==] - na w = w

Mag (% of Fundarmental)
{m] —_ n (] I o

[ T T T TP
[u] S 10 15 20
Harmonic order

Fig. 8d. THD; at 1500 rpm

0 O O RO T
[u] S 10 15 20
Harmonic arder

Fig. 8c. THD; at 1000 rpm

Fig. 8. Current waveform at input AC mains and harmonic
spectra of the PMBLDCM drive under the steady
state condition at a rated torque and 220 VAC input.

6.3 Power Quality Performance

The performance of the proposed PMBLDCM drive in
terms of various PQ parameters such as THD;, CF, DPF,
and PF is summarized in Table 3 and shown in Figs. 7-8.
Near unity power factor (PF) and reduced THD of the AC
mains current are observed in a wide speed range of the
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Table 3. Performance under speed control at 220 V input

Table 4. Variation of PQ parameters with input AC voltage
(Vy) at 1500 rpm (245 V)

AC voltage (Vy)
THD;

Speed (I'pl’l‘l) VDC (V) MNdrive (%) Load (%) (%) DPF PF
300 64 60.8 20 5.89 10.9992 | 0.9975
450 87 69.6 30 477 |0.9994 | 0.9983
600 110 74.5 40 3.95 | 0.9998 | 0.9990
750 132 78.4 50 3.48 | 0.9997 | 0.9991
900 155 80.9 60 3.13 | 0.9997 | 0.9992
1050 177 83.3 70 2.77 | 0.9998 | 0.9994
1200 199 84.8 80 2.56 | 0.9998 | 0.9995
1350 222 85.9 90 2.31 | 0.9999 | 0.9996
1500 245 86.5 100 2.25 10.9999 | 0.9996
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Fig. 9a. Variation of current at AC mains and the corre-

sponding THD.
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Fig. 9. PQ parameters with input AC voltage at a DC link
voltage of 245 V (equivalent to 1500 rpm).

PMBLDCM (Figs. 7a-b). THD of AC mains current re-

mains around 5% along with near unity PF in a wide range
of speed and load (Table 3) (Figs. 8a-d).

6.4 Performance under Varying Input AC Voltage

Performance evaluation of the proposed PMBLDCM

Vac (V)| THD; (%)|  DPF PF CF | L(A) | Naive (%)
170 | 2.92 0.9998 09994 | 141 | 258 85.5
180 | 2.63 0.9998 0.9995 | 141 | 243 85.9
190 | 251 0.9999 09996 | 141 | 229 | 862
200 | 242 0.9999 09996 | 141 | 216 | 867
210 | 234 0.9999 09996 | 141 | 206 | 869
220 | 225 0.9999 09996 | 141 | 197 | 865
230 | 251 0.9999 09996 | 141 | 187 | 872
240 | 2.63 0.9999 09996 | 141 | 179 | 872
250 | 2.85 0.9999 09995 | 141 | 172 | 872
260 | 2.89 0.9999 09995 | 141 | 166 | 871
270 | 291 0.9999 09995 | 141 | 160 | 87.1

drive is carried out under varying input AC voltages at
rated load (i.e., rated torque and rated speed) to demon-
strate the operation of the proposed PMBLDCM drive for
air conditioning systems in various practical situations as
summarized in Table 4.

Figs. 9(a-b) show variation of input current and THD at
AC mains, DPF and PF with AC input voltage. THD of the
current at AC mains is within the specified limits of inter-
national norms [20] along with near unity power factor in a
wide range of AC input voltage. However, at low AC input
voltage, the performance of the drive deteriorates and the
motor takes a comparatively longer time to reach the
steady state condition.

7. Conclusion

A new speed control strategy for a PMBLDCM drive is
validated for a compressor load of an air conditioner,
which uses the reference speed as an equivalent reference
voltage at DC link. Speed control is directly proportional to
voltage control at the DC link. The rate limiter introduced
in the reference voltage at the DC link effectively limits the
motor current within the desired value during transient
conditions (starting and speed control). The additional PFC
feature of the proposed drive ensures near unity PF in a
wide range of speed and input AC voltage. It demonstrates
improvements in power quality indices compared with
conventional PMBLDCMD topology. Moreover, power
quality parameters of the proposed PMBLDCM drive are
in conformity to international standard IEC 61000-3-2 [20].
The proposed drive demonstrates good speed control with
energy efficient operation of a complete drive system in a
wide range of speed and input AC voltage. The proposed
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buck bridge PFC drive is promising for low-voltage high-
current PMBLDCM-driven air-con loads within the 3-5
kW power range.
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Appendix

Rated Power: 3.75 kW, Rated Speed: 1500 rpm,
Rated Current: 20.0 A, Rated torque: 23.87 Nm, No of
poles: 4, Resistance: 0.54 ohm/ph., Inductance (L+M):
0.00891 H/ph., Back EMF constant: 0.615 Vsec/rad,
Moment of Inertia = 0.013 Kg-m?. Source impedance
(Zy): 0.03 pu, Switching frequency of PFC switch
(f)=40 kHz, L#2.5 mH, C~0.01pF, K,=0.185,
K=2.15.
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