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A Bridgeless High Gain Cuk Converter for
Power Factor Correction and Reduction of
Harmonic Distortion in BLDC Motor
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ABSTRACT

Inthispaper abridgd ess Cuk converter is used for Power factor correction (PFC) for aBLDC motor. Bridgel essCuk
converter hasonly two semiconductor switchesin the current flowing path. During each interval of the switching cycle
it result in less conduction losses and an improved therma management compared to the conventional Cuk PFC
rectifier. To achievealmost unity power factor and to reduce the input current stress, the topologies are designed to
work. Thispaper works on the limitations of theconventional PFC Cuk converter areresolved. The proposed Bridgdess
High Gain CUK converter (BL-HG-CUK) for BLDC motor issimulated in MATLAB and the corresponding results
show the better power quality indices such as power factor and Total Harmonic Distortion (THD).

Keywords: Bridgel ess Cuk Converter, Power Factor Correction (PFC), BLDC Motor, Total Harmonic Distortion,
Discontinuous M ode

1. INTRODUCTION

Nowadays, Cost and Efficiency are the critical issues in the design of low-power motor drives aiming at
household applicationslikefans, water pumps, blowers, mixers, etc.1], [2]. Brushlessdirect current (BLDC)
motor are finding large amount of usage in these applications because of the features with respect to huge
efficiency, greater flux density per unit volume, lesser maintenance necessities, and lesser problems of
electromagnetic-interference [1]. These BLDC motors are not restricted to household applications, also
these are desirable for other applications including medical equipment, transportation, HVAC, motion
control, and several other industrial instruments [2]{4]. A BLDC motor consists of three phase windings
on the stator and permanent magnets on the rotor [5], [6]. The BLDC motor is also referred to as an
electronically commutated motor as an electronic commutation on the basis of therotor positionis employed
instead of than amechanical commutation that has drawbacks such as sparking, wear and tear of brushes as
well as commutator assembly [5], [6].

Problems of Power quality have emerged to be significant issuesto be taken into consideration because
of the recommended limits of harmonics present in the supply current set by different international power
quality standards inclusive of the International Electrotechnica Commission (IEC) 61000-3-2 [7]. For
class-A equipment (<600 W, 16 A per phase) that contains household equipment, |EC 61000-3-2 limitsthe
harmonic current of a different order in such away that the total harmonic distortion (THD) of the supply
current must be lessthan 19% [7]. A BLDC motor which when powered by a diode bridge rectifier (DBR)
with ahuge value of dc link capacitor draws peaky current which canlead to aTHD of supply current of the
order of 65% and power factor as low as 0.8 [8]. Therefore, a DBR which is followed by a power factor
corrected (PFC) converter is employed for enhancing the power quality at the ac mains.
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For the purpose of increasing the efficiency of the power supply, considerable research attempts have
been targeted at the development of bridgeless PFC converter circuits, in which the number of semiconductors
that are generating the losses are reduced through the removal of the full bridge input diode rectifier.
Recently, different bridgeless PFC rectifiers have been introduced with the aim of boosting the rectifier
power density and/or reduce the noise emissions by means of soft-switching methods [9]-[12]. Severd
bridgeless PFC rectifiers make use of aboost converter at their front end. But, the bridgeless boost rectifier
[13]16] is put back with the same crucial real-time drawbacks similar to the conventional boost converter
which are the dc output voltage being higher than the peak input voltage, the galvanic isolation being
absent, and huge start-up inrush currents. Therefore, for supporting the applications that are involved with
low-output voltage, just asin telecommunication or computer fields, an additional converter or anisolation
transformer is required for the voltage step-down.

As an dternative usually in high output voltage applications, a boost-type dc—dc converter is added to
the distributed power generation (DG) unitsfor stepping up the dc voltage[17]-19]. Thistype of topology,
though smple, it might not have the ahility to give sufficient dc voltage gain at the time when the input is
very less, even in the presence of an extreme duty cycle. In addition, alarge duty cycle operation can lead
to severe reverse-recovery issues and thereby raise the ratings corresponding to the switching devices.
Moreover, the converter that is added can also result in the deterioration of the system efficiency and
increase in the size of the system, weight, and cost. The CUK converter renders multiple advantages in
PFC applications, such as the easier implementation of the transformer isolation, natural safeguard against
the inrush current which happens during the start-up or overload current, lesser input current ripple, easy
accessibility towards high gain structure and low electromagnetic interference (EMI) with respect to the
discontinuous conduction mode (DCM) topology [20], [21].

The selection of the operating mode of the PFC converter is a type of trade-off between the allowed
stresses on the PFC switch and cost expense of the entire system. A PFC converter is designed in such a
way to function in the two different modes of operation namely the Continuous conduction mode (CCM)
and discontinuous conduction mode (DCM) of operation. A voltage follower approach isone of the control
strategies used for a PFC converter which functions in the DCM. This voltage follower methodology
requires a single voltage sensor for the regulation of the dc-link voltage having a PF close to unity at ac
mains. Therefore, voltage follower control is more advantageous in having a current multiplier control of
requiring a single voltage sensor. This yields the control of the voltage follower an easier way to gain PFC
and output voltage control, but at the expense of huge stress over the PFC converter switch. On the other
hand, the current multiplier approach gives less stress on the PFC switch, though three more sensors for
PFC and output voltage control [22], [23] are required. In accordance with the design parameters, any one
of the approach may force the converter to either function in the DCM or CCM.

2. PROPOSED PFC SCHEME OF BL-HG CUK CONVERTER FED BLDC MOTOR DRIVE

The new PFC bridge less-high gain CUK (BL-HG CUK) converter-fed BLDC motor driveisillustrated in
Figure 1. The system proposed comprisesof front end partly eliminated DBR, aPFC BL-HG CUK converter,
and avoltage sourceinverter (VSI) fed BLDC motor drive. A BL-HG CUK converter is employed for PFC
and speed regulation of BLDC motor. Thisconverter functionsinthe DCM using avoltagefollower approach
i.e., the current which is flowing in either of the input or output inductor (Li and Lo) or else the voltage
across the intermediate capacitor (C1) attemptsto become irregular in a switching period. On the contrast,
DCM requiresasinglevoltage sensor for the control of output voltage, and the inherent PFC is accomplished
at the ac mains.

The proposed BL-HG CUK converter isdeveloped by a connection between two dc—dc Cuk converters,

one for every half-line period (positive/negative half cycle) of the input voltage. In addition, Figure 1
shows that one of the rails of the output voltage bus is in connection with the input ac line at all times by
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Figure 1: The Proposed PFC BL-HG CUK Converter

means of the slow-recovery diodes Dp and Dn. Hence, the topologies proposed do not suffer by the high
common-mode EMI noise emission issue. Moreover the new converter exploits the use of two power
switches (Q,,, and Q). But yet, the same control signal can have control over the two power switchesthat
significantly yields simplicity for the control circuitry.

Asaresult for achieving higher output voltage level in BL-HG CUK converter, the Coupled inductor’s
turn ratio can be controlled to regulating the boost gain. Hence, the output voltage can be controlled inafar
and wide range and it can be stepped up to ahigher value. At last, the bus voltage becomes equal to the sum
of the capacitor voltages, and it is higher in comparison with every capacitor voltage. The bridgeless
arrangement having coupled inductor is appropriate for applications in which the input voltage changes
from a comparatively lower level to a higher level in a continuous manner when a stable dc voltage is
provided asoutput having high power factor (PF). The operating principle of the new BL-HG CUK converter
and the corresponding converter control loop is explained in sections that follow.

Operating Principleof BL-HG CUK Converter

Thenew BL-HG CUK converter isdeveloped to operate with DCM such that the current ininductor L1 tends
to become non-continuous for a switching period. Figure 2(a)—(c) shows the various modes of operation
during an entire switching period for the corresponding positive and negative half-cyclesof the supply voltage.

Operation during Positive Half-cycles of Supply Voltage

ModeO

Asshownin Figure 2(a), oncethe switch Q,,, isturned on, inductor L, on theinput side startsto charge, and
then current i, sees anincrease, when the intermediate capacitor C, begins discharging through the switch
Q,,, for charging the output capacitor C . Therefore, the voltage across the intermediate capacitor reduces,
on the other side, the output voltage finds an increase. In addition, the energy on the secondary side of
coupled inductor (N) transferred to the capacitors C, and C, thereafter the inductor L, by means of diode
D.,. At that time, the capacitor C, voltage is transferred to the output capacitor C.
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When the switch Q,, is turned off, the energy which is stored in input inductor L, commences to
discharge to the intermediate capacitor C, through diode D and D, as shown in Figure. 2(b). The current
i, sees a decrease, once the intermediate capacitor voltage tends to continue increasing in this mode of
operation. Additionally, the output side inductor L, startsto discharge, and the capacitor voltage C, increases,
as aresult the secondary side of coupled inductor (N,) for charging the capacitor C, as indicated in Figure
2(b).

)
s
io_fW\_Q
L )
1
VSI
fed
! BLDC
S motor
.o__NV\__g
L,
——
Dy | D,
A4 <ig} it
Qw1 Qw2
| . »
o9—0 9

Figure 2(c): Mode 2

Mode 2

This mode refers to the DCM of operation since the current in the input inductor L, comes to zero; the
output side coupled inductor commences to discharge, and the output capacitor voltage also increases, as
illustrated in Figure 2(c), whereas the output capacitor C, provides the required energy to the load.

Operation during Negative Half-cycles of Supply Voltage

Same kind of behavior of the converter is seen for the supply voltage's the other negative half-cycle. An
input inductor L,, switch Q,,, an intermediate capacitor C,, diodes D, and D, output side coupled inductor
and output capacitor C, conduct in a similar way, just that there is a difference in the direction of current
flow.

Control (Voltage Follower Approach) of BL-HG CUK Converter Fed BLDC Motor Drive

A. Control of PFC Converter

The Control unit of BL-HG CUK converter is illustrated in Figure 3. The control of the front-end PFC
converter producesthe PWM pulsesfor the PFC converter switches (Q,,, and Q) for the control of dc link
voltage along with PFC operation at the ac mains. A single voltage control loop (voltage follower approach)
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Figure 3: Control Unit (Voltage Follower Approach) of BL-HG Cuk Converter

Carrier signal

isused for the BL-HG CUK converter whichfunctionsin DCM. A reference dc link voltage (V) is produced
as

Vi =K, * o 1)

volt

Inwhichk  and o' refer to the corresponding motor’s voltage constant and the reference speed.

The voltage error signal (V. ) isgenerated by the comparison of the reference output voltage (V,, ) with
the sensed output voltage (V,) as

Ver‘r (k) = Vt;c(k) - Vdc(k) (2)
Where k stands for the kth sampling instant. This error voltage signal (V) is provided as input for the
voltage proportiona—integral (Pl) controller for the generation of aregulated output voltage (V_) as

Vcon(k) = Vcon(k - 1) + kp{verr(k) - Verr(K - 1)} + kiVerr(k) (3)
Where kp and k refer to the respective proportional and integral gains of the voltage Pl controller.

Finally, the voltage controller output is then compared with a high frequency sawtooth signal (V__ ) for
generating the PWM pulsesin theformof Q,, and Q..

For Vs > 0;if Vogr < Vion then Qyq = "ON"
For Vs > 0;if Vg = Vo, then Qy,y = "OFF"
For Vs < 0;if Vogr < Vion then Qyy, = "ON"
For Vs < 0;if Vegr = Veon then Qyy, = OFF 4)

where Q,, and Q,, represent the corresponding switching signals to the switches of the PFC
converter.
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(B) Control of BLDC Motor Drive with Electronic Commutation

An electronic commutation of the BLDC motor comprises of the proper switching of VSl in such a manner
that asymmetrical dc current isobtained from the dclink capacitor for 120° and then placed inasymmetrical
manner at the center of every phase. A Hall-effect position sensor is employed for sensing the rotor position
on a span of 60° that is necessary for the electronic commutation of the BLDC motor.

Tablel
Switching Sates on the Basisof the Hall Effect Position Signals

& HALL SSGNALS SMTCHING STATES

Ha Hb Hc S1 SZ % S4 SS SG
NA 0 0 0 0 0 0 0 0 0
0-60 0 0 1 1 0 0 0 0 1
60-120 0 1 0 0 1 1 0 0 0
120-180 0 1 1 0 0 1 0 0 1
180-240 1 0 0 0 0 0 1 1 0
240-300 1 0 1 1 0 0 1 0 0
300-360 1 1 0 0 1 0 0 1 0
NA 1 1 1 0 0 0 0 0 0

A line current is obtained from the dc link capacitor whose magnitude is dependent on the dc link
voltage which is applied, back electromotive forces, resistances, and self-inductance and mutual inductance
of the stator windings. Table 1 tabulates the various switching states of the V Sl poweringaBLDC motor on
the basis of the Hall-effect position signals (Ha — Hc).

3. RESULT AND DISCUSSION

The performance of the proposed BLDC motor driver based BL-HG CUK converter is modelled in a
MATLAB/Simulink environment making use of the SimPower-System Toolbox. The proposed BL-HG
CUK converter performance is assessed for both rated and dynamic Situations and the attained power
guality indices obtained at ac mains.

Parameters like supply voltage (V,) supply current (i), input inductors L, and L, current (i ,) and (i ),
dc link voltage (V, ), Speed (N), Torque (T ), Stator Current (i ) Stator voltage (e,), power switches Q1 and
Q2 current (i Ql) and (i Qz), of the proposed system are investigated for demonstrating its proper functioning.
In addition, power quality indices like power factor (PF), Total Harmonic Distortion (THD) of supply
current are evaluated for deciding power quality at ac mains. The converter specificationsthat are utilized
for the simulations are provided in Table 2.

Table2
Specification
V, ek 36V
VS—RMS 52 V
10A
s peak
< RMS 7.07A
Rated L oad Power 250 Watts
Rated (dc link) Voltage 200V
Rated Torque 1.2Nm
Rated Speed 1500 rpm

Power Factor (PF) 0.9999
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(A) Steady-Sate Performance

Figure 4(a)-(e) illustrates the proposed converter operating at rated supply voltage of (36 V) and rated
torque of BLDC motor 1.2 Nm, respectively to maintain a dc link voltage of 200V. As observed in these
figures, the BLDC motor runs at the speed of 1500 rpm, and its corresponding stator areindicated in Figure
4(b) respectively.

Then the converter performance is analyzed, in which positive switch Q1 is ON, the current passed
through the inductor L1 and it gets charged. Similarly, when negative switch Q2 is ON, the current passed
through the inductor L2 and it gets charged are indicated in the figure 4 (g)(h). By this way the stress gets
reduced across switches due to bridgeless operation.
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Figure 4(a)-(h): The Proposed Converter Operating at rated Supply Voltage of 36 V)
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Performance Evaluation

The dynamic performance of the proposed converter during different values of output voltageisillustrated
in Figure 5. It depicts the dynamic performance of the proposed converter during brightness control related
to the step changein speed of the BLDC motor from 1100 to 1500V at a peak supply voltage of 52V, torque
of 1.2Nm and the respective stator current and stator voltage current variation is shown in figure 5(b),
and 5(c). Also, magnitude of the stator current and the stator voltage shows variation for the constant
supply voltage 36V, torque 1.2Nm and 1500 rpm where it shows the proposer functioning of closed loop
operation.
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Figure 5: The Dynamic Performance of the Proposed Converter during Different Values of Output Voltage

Thissectioninvolvesthe obtained power quality indices at the ac mainsfor the operation of the proposed
converter at various values of output voltages. Asinfigure 6 the gained power quality indices received at ac
mains when the speed is varied between 1100 to 1500 rpm. The corresponding Total Harmonic
Distortion(THD) are also shown below.
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Figure 6: Harmonic Spectra of Speed at rated Input Supply on BLDC Motor (a) 1100 rpm and (b) 1500 rpm

Performance Comparison

The performance of the proposed BL-HG-CUK converter and the existing BL-CUK is analyzed based on
the dc link voltage and the power factor value. The existing BL-CUK attains a constant dc link voltage of
110V, whereas the proposed BL-HG-CUK converter reaches upto 182 V. It can be said that the proposed
converter attains high gain when compared with the existing converter.
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Figure 7: dc Link Voltage Comparison

The power factor comparison of the proposed BL-HG-CUK converter and the existing BL-CUK is
analyzed. The existing BL-CUK attains a 0.97 power factor value, whereas the proposed BL-HG-CUK
converter attains 0.999 nearer to unity power factor value. It can be said that the proposed converter attains
better power factor value when compared with the existing converter. In addition the corresponding THD
is also measured when the converter is connected with the BLDC motor.
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Figure 8: Power Factor Comparison
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Figure 9: Corresponding THD isalso M easured when the Converter is Connected with the BLDC Motor

4. CONCLUSION

This paper proposed a novel BL-HG-CUK converter design for BLDC motor. The proposed Bridgeless
Cuk converter overcomes the limitations of the conventional PFC converter. The proposed BL-HG-CUK
converter focused on providing the better performance when compared with existing converters. The
simulation results clearly show that the proposed work resulted in minimal THD 2.70% and 0.999 nearer to
unity power factor.
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