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Abstract
In this paper, an improved power quality conwegmploying Single Ended Primary Inductor (SEPIC)
converter topology is used to feed a permanent stagrushless DC motor (PMBLDCM) drive. Normallyeth
PMBLDCM drive has a three-phase voltage sourcertavg¢VSIl) and a PMBLDCM which is fed from singlégse
AC mains through a diode bridge rectifier (DBR).this proposed system a SEPIC DC-DC converterasl agter
the DBR and it performs power factor correction @Rt input AC mains and voltage control at DC Jimk a
single-stage. The proposed PMBLDCM drive is dedignaodeled and its performance is evaluated in abatl
Simulink environment for an air conditioner (Air-@pload. The speed of the compressor is contrdte@fficient
operation of the Air-Con which results in contnodli the temperature in the conditioned area at #tepsint,
effectively. Obtained results are presented to destnate an improved power quality of PFC convebased
PMBLDCM drive in wide range of the speed and ind@ voltage besides improved efficiency of an AirrCo

system.
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I ntroduction

An air-conditioner (Air-Con) is considered as an
energy intensive application which consumes around
60% of total energy demand in domestic and comrakrci
sector. The compressor of an Air-Con is the maim gia
it driven by a single phase induction motor having
efficiency in the range of 75-80% at rated loadeTh
single phase induction motor is operated in ‘On-Off
mode for temperature control of the conditionedhanea
hysteresis band. Moreover, the frequent start-sfafe
motor leads to noisy operation, more wear anddéthre
motor. Therefore, there is a need of energy efficie
motor for Air-Con compressor to cope up rising gyer
demand and its cost.

A permanent magnet brushless DC motor
(PMBLDCM) possesses many advantages such as high
efficiency, silent operation, wide speed range &ow
maintenance requirements [1-4]. It is a kind ofeér
phase synchronous motor with permanent magnets)(PMs
on the rotor and trapezoidal back EMF waveform. It
requires a three-phase voltage source inverter)(3e
operated as an electronic commutator based orotbe r
position signals of the PMBLDCM obtained using Hall
effect Sensors. It is employed for Air-Con compoess
and operated under speed control, resulting in an
improved efficiency of the system. Therefore the- Ai
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Con system with PMBLDCM has low running cost, long
life and reduced mechanical and electrical stresEes
three-phase VSI of the PMBLDCM drive is fed from
single-phase AC mains through a diode bridge iectif
(DBR) followed by a smoothening DC capacitor. It
draws an uncontrolled charging current for the DC
capacitor resulting in a pulsed current as showmignl.
So, many power quality (PQ) problems arise such as
poor power factor (PF), increased total harmonic
distortion (THD) of AC mains current and its highest
factor (CF).

Moreover, there are many international PQ

standards such as IEC 61000-3-2 [5], IEEE 519 etc.
which emphasize on low harmonic contents and near
unity PF current to be drawn from AC mains by vasio
loads. Therefore, an improved PQ converter basieg dr
is almost essential for the PMBLDCM. There has been
some efforts [7-9] for use of power factor correnti
(PFC) converters for the PQ improvement, however it
uses, a two-stage PFC drives which consist of astboo
converter for PFC at front-end followed by anotbe —
DC converter in second stage for voltage regulatiin
second stage usually a flyback or a forward comevedras
been used for low power application and a full-ped
converter for higher power applications [7-9]. Hweg
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the high cost and complexity in implementing two
separate switch-mode converters are the constraints

the two stage PFC converters which encourage use of
single stage PFC converter in many applications.
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Fig.1 Current waveform at ac mainsfor the PMBLDCM
drive without PFC.

A single ended primary inductor converter (SEPIC),
as a single stage PFC converter, inherits merits of
continuous input current, ripple current reductid®-

17]. Therefore, a SEPIC converter is proposed FeC

a PMBLDCM drive used to drive Air-Cons. This paper,
deals with detailed design and exhaustive perfooman
evaluation of the SEPIC converter as a PFC converte
for PMBLDCM driven air conditioner system.

Proposed Control Schemefor PFC Converter

A SEPIC as a PFC converter, inherits merits of
continuous input current, ripple current reduction.
Therefore, a SEPIC converter is proposed for PF@ in
PMBLDCM drive used to drive Air-Cons. Fig.2 shows
the proposed SEPIC based PFC converter fed
PMBLDCM drive for the speed control as well as HRC
wide range of input AC voltage. A proportional igtel
(PI) controller [4] is used for the speed contrdltioe
PMBLDCM driving constant torque compressor of Air-
Con. The speed signals obtained from the rotortiposi
of PMBLDCM (sensed using Hal leffect sensors) are
compared with the reference speed. The resultaedsp
error is fed to a speed controller to give the tiergvhich
is converted to current signal. This signal is iplikd
with a rectangular unit template in phase with fta
portion of motor's back EMF to get reference cutsenf
the motor. These reference motor currents are cadpa
with sensed motor currents to give current errdrese
current errors are amplified and compared witmtigdar
carrier wave to generate the PWM pulses for VSI
switches.
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Fig.2 Control scheme of the proposed SEPIC PFC
converter-fed PMBLDCMD

The SEPIC based PFC converter has a
conventional DBR fed from single-phase AC mains
followed by the SEPIC DC-DC converter, an output
ripple filter and a three-phase VSI to feed the RNDB
motor. The DC-DC converter provides a controlled DC
voltage from uncontrolled DC output of DBR, with ®F
action through high frequency switching. The duwgia
(D) of the DC-DC converter is controlled by the DC
voltages at its input and output. The switchingjfrency
(fs) is decided by the switching device used, poreege
and switching losses of the device. In this wofkBTs
are used as the switching devices in the PFC switch
well as in VSI bridge, because IGBTs can operate in
wide switching frequency range to make optimum
balance between magnetics, size of filter elemants
switch losses.

The PFC controller has outer voltage control
loop and inner current control loop. An averagerenir
control scheme with current multiplier approachused
in this topology and a CCM operation of SEPIC is
considered for PMBLDCM drive. The voltage control
loop starts with sensing of DC link voltage which i
compared with the reference DC link voltage. Therer
DC voltage is passed through a voltage Pl controde
give the modulating current signal. This signal is
multiplied with a unit template of input AC voltagad
the resultant signal is compared with DC curremsed
after the DBR to give current error. This currenbeis
amplified and amplified signal is then comparedhwit
saw-tooth carrier wave to generate the PWM switghin
pulses for the DC-DC converter switch

Design of SEPIC PFC converter for PMBLDCM
Drive

The Figure:1 shows the proposed SEPIC
converter fed PMBLDCM drive. The SEPIC converter
achieves high power density and fast transientoresp
when operated at high switching frequency [16]islt
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designed for constant current in the intermediadgeictor
(L) as it operates on the principle of an inductiuergy
transfer [17]. The boost inductoi;}, and capacitors
(€4,€.) are designed according to maximum allowable
current and voltage ripple during transient cowdisi of
the PMBLDCM drive. The design equations governing
the duty ratio and other component values are lasy®.
Output voltageiy, = DV, /(1 — D] Q)
Boost inductod.; = DV, /I (AL (2)
Intermediate capacita®y =0 / [{RL) {4V / V0T (3)
Output filter inductorl,, = (1 — D)WVa. /LAY (4)
Output filter capacitof, = I,/ (e V) (5)

Modelling of Proposed PFC Converter Based
PMBLDCM Drive

The modeling of proposed PFC converter fed
PMBLDCM drive involves modeling of a PFC converter
and PMBLDCM drive. The PFC converter consists of a
DBR at front end and a SEPIC converter with output
ripple filter. Various components of PMBLDCM drive
are a speed controller, a reference current gemerat
PWM current controller, VSI and a PMBLDC motor. All
these components of a PMBLDCM drive are modeled by
mathematical equations and the complete drive is
represented by combination of these models.
A. Modeling Of PFC Converter

The PFC converter consists of a DBR at front
end and a SEPIC converter with output ripple filfEne
modeling of a PFC converter involves the modelihg o
voltage controller, a reference current generatad a
PWM controller as given below.
1) Voltage controller: The voltage controller is back-
bone of PFC converter; therefore it affects the
performance of complete drive. A proportional imtdg
(PI) controller is used to control the DC link \age. If at
k™ instant of time V7, (k) is reference DC link voltage
V;.(k) is sensed DC link voltage then the voltage error
WL(k) is calculated as,
Ve(k) = Vg (k) — Ve (R) (6)

The voltage (PI) controller gives desired control
signal after processing this voltage error. Thepouof
the controller (k) at k" instant is given as,
I (k) =do(k = 1) + Kp W (K) - Ve (k= 10} +
K, V.()}

)
Where K,, and K, are the proportional and

integral gains of the voltage controller.
2) Reference current generator: The reference inductor
current of the SEPIC converter is denoted Itiy and

given as,
http: // www.ijesrt.com
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Tae = 1 (K) uy, 8
Whereu,,, is the unit template of the voltage at

input AC mains and is calculated as

Uy = Vaf Vomi vp = wli v = Vo sinwt 9
Where e is frequency in rad/sec at input AC

mains.

Fig.3 Simulation Diagram of the PFC Cir cuit

3) PWM controller: The reference inductor current of
the SEPIC converter! ;) is compared with its sensed
current {s.) to generate the current errdiz. = (I 5.-
Is.). This current error is amplified by gain;, and
compared with fixed frequencyf] sawtooth carrier
waveform m; (] to get the switching signals for the
IGBT of the PFC converter as,
If kg dige =my(t)thenS=1 (10)
If kg digr == my(t)thenS =0 (11)

Where S is the switching function representing
‘on’ position of IGBT of PFC converter with S=1 arid
‘off’ position with S=0.
B. Modeling Of PMBLDCM Drive

Various components of PMBLDCM drive are a
speed controller, a reference current generatét\Vivi
current controller, VSl and a PMBLDC motor. All Hee
components of a PMBLDCM drive are modeled by
mathematical equations and the complete drive is
represented by combination of these models. The
modeling of a speed controller is quite importasittiae
performance of the drive depends on this controlfeat
k" instant of timew; (k) is reference speedy, (k) is
rotor speed then the speed erzqy k) can be calculated
as
we (k) = oy (k) — w, (k) jiz

This speed error is processed through a speed
controller to induce desired control signal.
1) Speed controller: The speed controller used in this
work is a Pl controller due to its simplicity. sitput at
k™ instant is given as
T(k) =T(k — 1) + Ky {w. (k)- w.(k— 1)} +
Ky wg ()

(13)
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Where K,,, and Ky, are the proportional and
integral gains of the speed PI controller.
2) Reference winding currents: The amplitude of stator
winding current is calculated as
I" = T(k) [(2Kg) (14)
Where K; is the back emf constant of the
PMBLDCM. The reference three-phase currents of the
motor windings are denoted by, i}, i; for phases a, b, ¢
respectively and given as

it=1%i} = —I",it = 0for02 £ 8 < 602 (15)
ii=1i;=0 = —1I" for60e £ 8 < 1202
(16)

io=0,; =I%i.=—1I"for1202 < 8 = 1802
7)

L= -1 = 1", it= 0for1802 = 6 = 240¢
(18)

o= —I = 05 = I" for 2402 < @ < 300e
(19)

i =0, i5= Iiz =I" for1202 < 6 < 1802
(20)

Where & is rotor position angle in electrical
radian/sec. These reference currents are compaitad w
sensed phase currents to generate the
errorgliy, = (ig* —ig), Aiy =(ip=—ip),
Ai. ={i, = —i. ] for three phases of the motor. These
current errorsAi, Ai, Ai. are amplified by gairk
before feeding through the PWM current controller.

3) PWM current controller: The PWM current
controller compares these amplified current errofs
each phase with carrier waveform (£} of a fixed
frequency and generates the switching sequencthéor
voltage source inverter based on the logic given fo
phase “a” as,
If kydiyg= mitithen5;=1
(21)
If k, Aiy === m (t1thens;=0
(22)

The switch sequence%, and 5. are generated
using similar logic for other two phases of the VSI
feeding PMBLDC motor.

4) Voltage source inverter: The output of VSI to be fed
to phase “a” of the PMBLDC motor is calculated from
the equivalent circuit of a VSI-fed PMBLDCM

http: // www.ijesrt.com
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Fig.4 Equivalent dircuit of VSI fed PMBLDCMD

o= (Vi /2)fors,, =1 (23)
Voo = (FVa 12) fors,; =1 (24)
W,=0for 5;,=0,and5;; =0 (25)
ﬁm = 1’::0 - 1’;!0 (26)

Wherel,, Vi, W5, and ¥, are the voltages the
three phases (a, b, and c) and neutral point (t wi
respect to the virtual midpoint of the dc link \age. The
voltage V,,,, V., and ¥, are the voltages of the three
phases with respect to the neutral terminal ofrtiodor
(n), and ¥, is the dc link voltage. The values 1 and 0
for 5,, or 5,5 represent the “on” and “off” conditions of
respective Insulated Gate Bipolar junction Trawosgst
(IGBTs) of the VSI. The voltages for the other two
phases of the VSI feeding the PMBLDC motor, i¥3,,
Vo Vim, and ¥, and the switching pattern of the other
IGBTs of the VSI (i.e.,53, 5&:, 5.1, and 5.4) are
generated in a similar way.

5) PMBLDC motor: The PMBLDCM is modeled in the
form of a set of differential equations as showrthn

Table: 5.1
Table:1 M odeling Equations of PMBLDC Mator

Van = Rig+ pidg + &gy,

Ven = Rip +pady + epn

Ven = Ri; +pad e,

Ag=Lyig — M (ip+ip)
Ag=L;ip— M (ig+iy)

Ag=Lg i; =M (Eptiy)

Te = (an ig + €pn ip T+ Ecnip ) @y
ig+igt i, =0

Vao = {Vaot Veo + Voo = (Ban + @n tecn)} /3
Ac:(ls"'M)fr:v *li:lz(ls"'M):-bv Arz(ls+M)fr
Pix=(om— xR — &)/ (L;+ M)

& = Ky I (6) w,

fu (6) =1 for 0 <0 < 2/3

fo (E)={(6/m) (n —0)} - L for 2n/3< 0 <m
£ (8)=-1forn <0 <5n/3

fz (8)={(6/m) (n —0)} + 1 for 5n/3 < < 2n
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T,= K, i@+ £ @i+ £l8)i ]
Py = {P."rzj{re-_ I - Bwrj.’r 'i_,fj
pd = w,

In the above equations shown in Table:1, p
represent the differential operator (d/¢t),i;, andi, are

currents, i, A, and 4, are flux linkages, an@,,, ey, ,
and e, are phase-to-neutral back EMFs of PMBLDCM,

in respective phases, R is the resistance of motor
windings/phasef; is the self inductance/phase and M is

the mutual inductance/phask, is the developed torque,
w, IS the motor speed in radians per second, x reptes
phase a, b, or cf, () represents a function of rotor
position with a maximum value %, is the number of
poles, T; is the load torque in newton metejsis the
moment of inertia in kilogram square meters, &hds

the friction coefficient in newton meter secondsr pe
radian.

Simulation Result
The proposed PMBLDCM drive is modeled in Matlab-
Simulink environment and its performance is evaldat
for a compressor load of an Air-Con. A constantjter
load equal to rated torque mimics the compressad,lo
while running at variable speed as per requireroéatr-
conditioning system. The DC link voltage is kept
constant at 400 V with an input AC rms voltage 20¥.
The components of SEPIC converter are selectedhen t
basis of PQ constraints at AC mains and allowaplgle
in DC-link voltage as discussed. The controllemgaire
tuned to get the desired PQ parameters. The peafaren
evaluation is made on the basis of various PQ petiens
i.e. total harmonic distortion of current (THD %)iaput
AC mains, power factor (PF) and input AC curres).(l
Fig.6 shows the current waveform at input
AC mains is in phase with the supply voltags)(
representing nearly unity power factor. The wavef®r
of trapezoidal back EMF of PMBLDCM drive are shown
in Figure-8.Performance of the proposed PMBLDCM
drive is evaluated under varying input AC voltage t
demonstrate the effectiveness of the proposed doive
Air-Con system in various practical situations iable-2.
Figs. 10-13 show variation of current and its THDAE
mains with AC input voltage. The THD of AC mains
current is observed well below 5% in most of theesa
and satisfies the international standards [8] alauiti
nearly unity PF in wide range of AC input voltage.
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Table:2 PQ Parameters of a PMBLDCMD at Variable

Input AC Voltage

PEAK PEAK

SOURCE | SOURCE | SPEE | \apuionic | poweR
E T (N) DI ST?IRTI O FA(%"I;)OR
(Vs) (Is) RPM (THD %)

VOLTS VOLTS
300 3.712 1350 1.95 0.9992
270 3.342 1240 1.72 0.9987
240 2.971 1165 1.47 0.9987
210 2.600 1050 1.32 0.9986
180 2.229 910 1.11 0.9985
150 1.857 810 1.03 0.9985
120 1.486 690 0.98 0.9984
90 1.114 560 0.89 0.9985
60 0.724 380 1.25 0.9985
30 0.371 230 0.96 0.9985
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Fig.6 Sour ce voltage and source current of a PMBLDCM
driverepresenting unity power factor at peak source

voltage of 240V
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Fig.7 Power factor of the PMBLDC motor at peak source

voltage of 240V
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Fig.8 Trapezoidal back emf of the PMBLDC motor
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Fig.9 Phase currents of the PMBLDC motor
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Fig.10 FFT analysisof aPMBLDCM drive at peak source
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ig.11 Performance of the PMBLDCM drive at peak source
voltage of 240V
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Fig.12 FFT analysis of a PMBLDCM drive at peak
source voltage of 180V
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Fig.13 Performance of the PMBLDCM drive at peak
source voltage of 180V
I. CONCLUSION
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A PFC based SEPIC converter for a
PMBLDCM drive has been designed for a compressor
load of an air-conditioner. The PFC converter has
ensured reasonable high power factor close to unity
wide range of input voltage. The parameters shawthe
fig 6 to fig 13 represents an improved power qualit
smooth speed control of the PMBLDCM drive with quas
sinusoidal shaped phase currents and back emf vanéch
displaced byi20®. The THD of AC mains current is
within specified limits of international norms. The
performance of the drive is very good in the widage
of input AC voltage with desired power quality
parameters. This converter has been found suitalole
the speed control at constant torque load of air-
conditioning systems.
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