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Abstract
Renewable sources like solar photovoltaic (PV) are preferred to be operated at low voltages. This neces-

sitates high voltage boosting when they have to be connected to the high voltage DC bus. Conventional

DC-DC converters (eg. boost and buck-boost) offer high voltage gain at the cost of reduced efficiency.

This paper proposes a novel method to integrate low voltage PV power to the high voltage DC bus using

a simple boost converter. The analysis of the proposed topology and control strategies are discussed.

Simulation studies are carried out in MATLAB/SIMULINK and results for the same are presented.

Introduction
Numerous requirements related to converters decide the choice of industrial drives. The focus is on

solutions that present enhancements in performance parameters and physical dimensions [1]. As electric

motor drive systems are the major consumers of energy, reducing their energy consumption contributes

to significant energy savings [1]. Increased use of renewable sources at the consumer end is one of the

promising solutions for curbing the energy crisis. Among the available renewable energy sources, PV

energy is by far the most widely used source due to its eco-friendly nature and cost effectiveness. The

traditional approach for integrating this power involves dedicated converters, which are connected to

a common bus. The functionalities of these converters are two-fold (i) extract electrical energy from

the renewable energy sources (ii) feed power to the common bus. To feed power to the common bus,

the renewable sources can be integrated either on AC side or DC side. Invariably both the methods

demand high gain voltage boosting, as renewable sources like solar photovoltaic (PV) are preferred to be

operated at low voltages. The conventional boost DC-DC converters are widely employed for stepping

up DC voltages due to its simple structure and many other advantages [2]. However, in this converter the
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ratio of output voltage to input voltage cannot be significantly high. Hence the low voltage PV integration

to a high voltage DC bus calls for a special high gain DC-DC converters [3] [4]. These special high gain

topologies significantly increase the cost, size and weight as compared to the simple boost converter.

Unified converters / multi-functional converters introduced in [5–7] for hybrid electric vehicles, use

single converter to achieve multi-functionalities The inverter legs dedicated for the motor controller are

used as the boost converter to step up the low voltage battery connected through the motor neutral, and

the motor leakage inductance is utilised as a boost inductor, instead of a separate boost-up reactor. Thus

motor windings will be carrying unified AC-DC current. This multi-frequency power transfer approach

can considerably reduce the cost, weight and volume of the system. However, in this converter the

voltage gain cannot be high [5–7].

Every voltage source inverter based variable frequency drive (VFD) has an AC to DC rectifier unit, which

includes a large DC bus capacitor at the front end. Generally the PV source is integrated at the DC side

in these applications [8]. Applying unified AC-DC concept for PWM rectifier can overcome the require-

ment of special high gain boost converters. The multi-frequency power transfer is possible, if a system

maintains an unified AC-DC voltage at the point of common coupling and allows unified AC - DC current

through it. The paper discusses a novel method of integrating a 202.5 V (Voc)/8.25 kW (HIP-190BA3)

PV source into the 1250V DC bus of a 440V/55 kW (ACS800-37) drive system. The system uses a uni-

fied AC-DC approach to integrate low voltage PV energy into a high voltage DC bus. With this method

a simple boost converter is used to perform the MPPT operation and low voltage PV power is integrated

using the same PWM rectifier, which is the part of the VFD. The work presented in this paper pertains

to the development of multi-functional converter topology and its control for improved utilization of PV

integrated to Variable Frequency Drives.

Three phase PWM rectifiers with unified AC-DC input

Fig. 1: Voltage source current controlled PWM rectifier

Generally, the input to a low voltage, high power drive system is fed from a three phase, 11kV/440V, 50

Hz transformer. One of the input stages of a three phase AC drive is shown in Fig. 1 [9]. In the proposed

scheme (Fig. 2), the secondary of line transformer is modified to a zig-zag connection. The low voltage

PV is connected through the neutral of the transformer, thus applying unified AC-DC voltage across the

input of the AC to DC rectifier unit. The current through the PWM rectifier is controlled to draw both

AC and DC currents, and the DC bus voltage is maintained at 1250 V. The zig-zag connection of the

transformer avoids the core saturation due to DC currents. The transformer leakage inductance is used as

the inductance between the source and the converter. This reduces a significant part of the overall size,

weight and cost of the magnetic components in the unit.

As the input current is AC superimposed on DC, having the conventional three leg configuration (Fig. 1),

this current shape will cause an unbalance in the output DC bus capacitor voltage. To avoid such an un-
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Fig. 2: Proposed PWM rectifier with PV integration

balance, a four leg configuration as shown in Fig. 2 is used. The four leg configuration can be decoupled

into three single phase full bridge rectifier circuits [10]. The per phase circuit of the rectifier can be rep-

resented by the switching-cycle averaged model as shown in Fig. 3. The turn-on and turn-off sequences

of a switching device are represented by an existence function. The existence function, Si j =1 when it is

turned on and Si j =0, when it is off; where i represents the phase to which the device is connected and j

signifies top (p) and bottom (n) device of the converter leg.

Fig. 3: Perphase model of three phase 4 leg PWM rectifiers

Vg = rIg +LpIg +VAB;

where p = d
dt

Cd pVDC = Ig(SAp −SBp)

VAO = SAp(VDC +VNO)+SAn(VNO) = SAp(VDC)+VNO

VBO = SBp(VDC +VNO)+SBn(VNO) = SBp(VDC)+VNO

VAB =VAO −VBO = (SAp −SBp)VDC

Vg =Vpv +ℜ{Vgge jθe} (1)
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Where, Vpv = DC quantity and Vgg = complex phasor

Using harmonic balance technique,

Ig = Ipv +ℜ{Igge jθe} (2)

Vg = rIg +LpIg +VDC(SAp −SBp) (3)

Substituting (1) and (2) into (3) and comparing the components we get,

Vpv +ℜ{Vgge jθe}= r[Ipv +ℜ{Igge jθe}]+Lp[Ipv +ℜ{Iggeiθe}]+ [ℜ{Me jθe}VDC +Vp]

VAB = (SAp −SBp)VDC = Mcos(θe +δ)VDC +VP

Vpv = rIpv +LpIpv +Vp

Vgg = rIgg + jωLIgg +LpIgg + M̂VDC

At steady state condition,

Ipv =
Vpv −Vp

r

Vgg = rIgg + jωLIgg + M̂VDC

Where, M̂ = M∠δ◦ and substituting, Vgg =Vs∠0◦ and M̂VDC =V2∠δ◦

Igg =
Vs∠0◦ −V2∠δ◦

jωL

S =VggI∗gg; from this we can write, Pac =
VsV2sinδ

X and Pdc =VpvIpv

Analysis of three phase PWM rectifier with unified AC-DC input
Fig. 4, shows the circuit topology of the four-leg voltage source AC/DC converter in which the fourth

leg is connected through a PV source to the neutral of the three-phase transformer. Considering, Vao, Vbo

Fig. 4: Four leg PWM rectifier with PV integration

&Vco are balanced ; Ia = Iaa − Ioo, Ib = Ibb − Ioo, Ic = Icc − Ioo; Ia + Ib + Ic =−Io and Ioo =
Io
3
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From Fig. 4, the input voltage equations of the four-leg rectifier with PV integrated through the neutral

is expressed in terms of the existence functions and output DC voltage Vdc and are given as

Vao = rIa +LpIa +
Vdc

2
Sap − Vdc

2
San +Vmo

Vbo = rIb +LpIb +
Vdc

2
Sbp − Vdc

2
Sbn +Vmo

Vco = rIc +LpIc +
Vdc

2
Scp − Vdc

2
Scn +Vmo (4)

Vao = rIa +LpIa +
Vdc

2
(2Sap −1)+Vmo

Vbo = rIb +LpIb +
Vdc

2
(2Sbp −1)+Vmo

Vco = rIc +LpIc +
Vdc

2
(2Scp −1)+Vmo (5)

Vo =
Vdc

2
(2Sd p −1)+Vmo (6)

Subtracting, Eq (10) from Eq (9) we get,

Vao −Vo = rIa +LpIa +Vdc(Sap −Sd p)

Vbo −Vo = rIb +LpIb +Vdc(Sbp −Sd p)

Vco −Vo = rIc +LpIc +Vdc(Scp −Sd p) (7)

Where, p = d
dt

⎡
⎣

Fqs

Fds
Fos

⎤
⎦= K

⎡
⎣

Fa

Fb
Fc

⎤
⎦ Where,K =

2

3

⎡
⎣

cosθ cos(θ−β) cos(θ+β)
sinθ sin(θ−β) sin(θ+β)

1
2

1
2

1
2

⎤
⎦

⎡
⎣

Fa

Fb
Fc

⎤
⎦= K−1

⎡
⎣

Fqs

Fds
Fos

⎤
⎦ Where,K−1 =

⎡
⎣

cosθ sinθ 1

cos(θ−β) sin(θ−β) 1

cos(θ+β) sin(θ+β) 1

⎤
⎦

Performing q-d transformations on (11) we get,

Vqs = rsIqs +Ls pIqs +ωLsIds +SqsVdc

Vds = rsIds +Ls pIds −ωLsIqs +SdsVdc

Vos =−Vo = rsIos +Vdc{1

3
[Sap +Sbp +Scp]−Sd p} (8)

Substituting, Sip = 0.5(1+Mip), where i = a,b,c and Ia + Ib + Ic =−Io

Vos =−Vo = rsIos +Vdc{1

3
[0.5(1+map)+0.5(1+mbp)+0.5(1+mcp)]−0.5(1+Md p)}

Vos =−Vo = rsIos +Vdc[
−Md p

2
]
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Md p =
2(Vo + rsIos)

Vdc
(9)

Substituting Sqs =
mqs
2

and Sds =
mds
2

we get,

Vqs = rsIqs ++Ls pIqs +ωLsIds +
mqs

2
Vdc

Vds = rsIds +Ls pIds −ωLsIqs +
mds

2
Vdc

Cd pVdc = SapIa +SbpIb +ScpIc +Sd p(Io)− ILoad (10)

Cd pVdc = 0.5[1+map]Ia +0.5[1+mbp]Ib +0.5[1+mcp]Ic +0.5[1+Md p](Io)− ILoad

Cd pVdc = 0.5mapIa +0.5mbpIb +0.5mcpIc +0.5[Ia + Ib + Ic]+0.5Md pIo +0.5Io − ILoad

0.5mapIa = 0.5[cos(θ)mqs + sin(θ)mds +mos][cos(θ)Iqs + sin(θ)Ids + Ios]

0.5[mapIa +mbpIb +mcpIc] =
3

4
[mqsIqs +mdsIds]+

3

2
[mosIos]

Substituting mos=0 and Ia + Ib + Ic =−Io;

Cd pVdc =
3

4
[mqsIqs +mdsIds]+0.5Md pIo − ILoad (11)

At steady state condition, considering unity power factor operation, Ids=0, Vds=0, Vqs=Vm and Io = 3Ios,

Vp = (1−S)Vo (A)

IL(1−S) = 3Ios (B)

Vm = rsIqs +
mqs

2
Vdc (C)

0 =−ωLsIqs +
mds

2
Vdc (D)

−Vo = rsIos − Vdc

2
(md p) (E)

0 =
3

4
[mqsIqs]+0.5Md pIo − ILoad (F)

From (D) we find

Iqs =
mdsVdc

2ωLs
(G)

Substituting Iqs in (F) we get,

mds =
k8ωLs

3mqsVdc
(H)

Where,k = [Iload −0.5Md pIo]

Substituting mds and Iqs in equation (C) we get,

Vdc

2
m2

qs −Vmmqs +
4rsk

3
= 0 (I)
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Solving for mqs we get,

mqs =
Vm ±

√
V 2

m −4{Vdc
2
} 4rsk

3

Vdc
(J)

Substituting (J) in (H) we get mds

Table I: Simulation Parameters

S.No. Parameters Symbol value units
1 Per phase leakage inductance of the transformer L 0.006 H
2 Per phase resistance of the transformer voltage r 0.1 Ω
3 Output DC capacitor Cd 1000 μF
4 Load resistance R 28 Ω
5 Rated output power PLoad 55 kW
6 Rated output DC link voltage VDC 1250 V

7 Input AC voltage (L-L) Vac 440 V

8 PV power PPV 8.25 kW

9 PV voltage connected in the neutral Vo 200.0 V

10 Total PV current Io 41.25 A

Fig. 5: Modulation Index vs DC bus voltage

Fig. 6: Input peak AC current vs DC bus voltage
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Control block diagram
The control block diagram is shown in Fig. 7. The active power requirement in the system is directly

reflected as a change in the DC bus voltage VDC. The output of the DC bus voltage (VDC) controller

is taken as the active current reference and Proportional Resonant (PR) controller is used for the inner

current control. The input DC current reference, Io is generated by maintaining the output voltage of

the MPPT converter connected through the neutral of the zigzag transformer. The controller output

used for maintaining the MPPT output voltage, Vo is used as the modulating waveform for the fourth

leg. Depending upon the PV power availability, each phase input current will have both AC and DC

components. Thus active power requirement of the load is shared by both grid and the PV.

Fig. 7: Control block diagram for the PWM rectifier with unified AC -DC currents

Simulation Results
The proposed scheme for low voltage PV integration and control strategy is simulated on MATLAB

/ SIMULINK with simulation parameters shown in Table I. The output power from PV is fed to the

converter through a zig-zag transformer. Fig. 8 shows the input three phase voltages, currents and output

DC voltage of the proposed topology. Each phase current is composed of a 13.75 A of DC component

and an RMS AC current of 60.98 A, transferring 55 kW of power to the load across the DC bus. Fig. 9

shows the harmonic spectrum of the input current through the ’R’ phase. The spectrum shows that input

current has 0Hz and 50Hz as the dominant frequency components. Fig. 10 shows the MPPT converter

output voltage, current and the power. The output voltage of the MPPT converter is maintained at 200V

delivering power of 8.25kW at 41.25A, using the fourth leg of the PWM rectifier.

Conclusion
PV integration leads to significant energy savings in large consumers of energy, such as electric motor

drive systems. A novel topology of integrating PV power without requiring complex high gain boost

converters is proposed. This offers the significant advantage of not requiring complex high gain boost

converters. The performance of the proposed circuit topology and the control scheme is confirmed

through simulation study using MATLAB/SIMULINK package.
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Fig. 8: Input voltage, input current and output DC voltage of the PWM rectifier with PV integration

Fig. 9: Harmonic spectrum for the R phase current

Fig. 10: Simulation results for PV voltage,current and power
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