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ABSTRACT The development of the world demands on the progress of electricity operation and quality
enhancement. Microgrid (MG) is a solution that manages the additional need of electricity. The MG generates
electricity mostly from renewable energy sources, e.g. solar, wind and hydro. Most renewable energy sources
require energy storage system as they are highly unpredictable in nature. An inverter is needed to convert
that stored DC power to AC. The presence of a capacitor within the grid provides a galvanic connection that
varies the common mode (CM) voltage of the inverter. Thus, the leakage current as well as the total harmonic
distortion (THD) of the grid voltage and current increases. The increase of the leakage current hampers
the safe operation of the MG. Now-a-days transformerless inverter is gaining more attention because of
high efficiency, low cost, less weight and the capability of eliminating the high frequency component from
the inverter CM voltage. In addition, a controller inclusion with a transformerless inverter can maintain a
near-seamless performance. This paper proposes a blended technique of an improved HS topology with an
Integral Linear Quadratic Gaussian (ILQG) controller for grid-connected MG operations, that reduces the
inverter leakage current by keeping the CM voltage constant. Thus it has the capability to reduce the THD
of voltage and current. A comparative analysis has been carried out between this technique and existing
topologies with different modulation techniques that helps to find out the most optimum inverter package to
eliminate the leakage current and reduce the THD of grid voltage and grid current to almost zero.

INDEX TERMS Microgrid, transformerless inverter, improved HS inverter, ILQG controller.

I. INTRODUCTION

The revolution of the modern world is accelerating the uses
of the natural assets such as fossil fuels, coil, gas and oil
to produce electricity. The large use of these natural assets
is responsible for producing greenhouse gas that adversely
affects the environment such as global warming [1], [2].
The researchers are motivated to innovate a new approach
to overcome these problems and provide a safe and clean
process to produce power to fulfill the demand of the world.
Microgrid (MG) is one of the most promising solutions that
has less adverse affect on the environment due to the use of
clean resources to produce electricity [3], [4].
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The need of MG in the present world is increasing day-
by-day due to its higher stability, sustainability and reliability.
It has the ability to produce electricity from the renewable
energy sources with or without the connection of the main
grid. The frequency and voltage of the grid connected MG
are completely controlled by main grid [5], [6]. The grid
connected mode is more reliable and reduce the energy losses.

Distribution generation (DG) unit, voltage source inverter
(VSI), filter, storage system, voltage distribution system,
point of common coupling (PCC) and loads are the key
elements of a MG [7]. Fig. 1 shows a simple MG scheme,
which is commonly used in grid connected system. Renew-
able energy sources such as, wind, solar system, biomass,
water, biogas, geothermal etc. are used as DG unit of
the MG to produce electricity. These sources are widely
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FIGURE 1. lllustration of MG scheme.

used in transportation, power generation and heating. The
future world will mostly depend on these sources to fulfill
their demand of electricity due to the lack of fossil fuels.
At present, it is seen that, people are interested in making their
own farms such as, wind farm, solar farm and biomass farm
to produce electricity for their own purpose and supply the
surplus electricity to the grid [8], [9].

The MG can be connected or disconnected with/from the
main grid by switching the PCC. During the large distur-
bance, the MG is disconnected from the main grid through
PCC and allow to operate independently. The VSI is the
key element that converts the DC power which is stored in
the energy storage system to AC whose operation is quite
challenging [10], [11]. These inverters are built with or with-
out transformer. An inverter with transformer consists of
galvanic isolation that acts as voltage boosters which pro-
vides the galvanic isolation safety during the operation of
the MG [12], [13]. Moreover the leakage current is reduced
by omitting the continuous current flow between the DG
units and the ground. But the line frequency transformers are
bulky in size, expensive and costly due to their low frequency
nature. On the other side, the high frequency transformer
introduces large harmonic and extra losses [14], [15].

Transformerless inverter is a solution to overcome these
problems. These inverters are low cost, smaller in size and
less weight. But when a galvanic connection between the
grid side and DC side is made, a common mode (CM)
voltage exists which generates leakage current [16], [17].
This leakage current flows through an unwanted capacitance
named parasitic capacitance formed between the DC source
and the ground. Additionally, power loss, electromagnetic
interference, the THD of the grid voltage and current will
be increased. This reduces the stability of the system by
making the operation unsafe due to the presence of external
disturbances and the leakage current [18], [19].

The elimination of the leakage current and the variation
of the CM voltage of the inverter are the challenges to the
researchers. Conventional full-bridge inverter has been pro-
posed using bipolar modulation technique to eliminate the
leakage current [20]. The requirement of two-level bipolar
output voltage increases the inductor voltage stress by rising
the switching losses, thus the current ripple is increased.
However, conversion efficiency is reduced due to the presence
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of reverse power of these inverters [21], [22]. This problem
has been solved by inserting a large filter inductor, but it
increases the cost and makes the system bulky. Reference [19]
has developed a full-bridge inverter that improves the effi-
ciency of the system but the continuous injection of the
leakage current can not be solved.

A lot of galvanic isolation topologies such as HS [15],
H6 family [23], highly efficient and reliable inverter con-
cept (HERIC) family [24] have been presented to reduce the
leakage current for transformerless inverter by introducing a
clamping circuit within the system or separating the sources
from the grid. The modification of the half-bridge with an
extra switch is known as H5 topology [25].

The HERIC family is another reliable topology that
has been proposed to reduce the leakage current of the
inverter with two insulated gate bipolar transistors (IGBTs)
as a bypass path in the AC side. It minimizes elec-
tromagnetic inference of the system. But the require-
ment of the additional switches makes the system costly.
The HERIC family consists of a class of inverters, such
as, HERIC-I [24], HERIC-I-PNPC [16], HERIC-II [26],
HERIC-III [27], HERIC-IV [28], HERIC-V [20], HERIC-
V-PNPC [29]. These topologies suffer due to higher conduc-
tion and switching losses.

The H6 family is another improved inverter group that
reduces the fluctuation of CM voltage. This group consists
of H6 [30], H6-PNPC [31], H6-ANPC [32] and improved
H6 [33]. But the presence of the transistor junction capaci-
tance increases the leakage current of these inverters.

This paper proposes the combined approach of an
improved H5 topology [34] with an Integral Linear Quadratic
Gaussian (ILQG) controller to reduce the leakage current by
making the variation of the CM voltage constant in different
modes of operation. This proposed technique is also able to
reduce the THD of the grid voltage and current to a negligible
number. A clamping circuit with two capacitors, five switches
and one clamping diode are added to construct this H5 topol-
ogy. The performance of the proposed blended technique
has been investigated with different modulation techniques
such as third harmonic injection PWM (THI PWM), bipolar
PWM, unipolar PWM and third harmonic injected equal
loading ninety degree clamped PWM (THIELNDC PWM).
A detailed analysis of different topologies such as H5, HERIC
and H6 family with ILQG controller have been investigated
in this paper and their performances are compared with the
proposed technique. This comparison ensures the reliability
and high performance of the proposed technique against
different modulation techniques. Here, an ILQG controller
has been designed to control the gate signal of the trans-
formerless inverter to reduce the THD of the grid voltage
and current. This control algorithm has been designed based
on the Linear Quadratic Gaussian (LQG) controller with
integral action that can efficiently track the reference signal
to produce the gate signal for the inverters. Performances
are carried out in terms of leakage current, the CM voltage
and the THD and it is shown that the proposed blended
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FIGURE 2. Circuit diagram of (a) Open-loop, (b) Closed-loop grid connected microgrid and (c) leakage current path.

technique provides excellent performance for transformerless
grid-connected MG application.

Il. MICROGRID MODELLING

The basic block diagrams of open and closed-loop grid con-
nected MG are presented in Fig. 2(a) and Fig. 2(b) respec-
tively. The function of the LCL filter is to stabilize the grid
connected inverter voltage and eliminate the high frequency
produced by switching ripple. The voltage across the inductor
can be represented as [35], [36],

V, =L, — 1
r=L— ey
where, Ly = L; + L,. Then, the derivative of the current
through the inductor can be given as,
a, Vv,
dt L
Again, the inductor voltage is the phasor sum of the inverter
switching voltage V; and the grid voltage Vg, ie. V, =
Vi — V. It is worth mentioning that, V; is the product of duty

ratio («) of the VSI and the Vp¢, i.e. Vi = a x Vpc. Then,
the laplace transform of ““(2)”’ can be presented as,

Vi(s) _ Vils) = V(o)

@

1, =

sI;(s) L L
Vs(s) — Vi (s)

Ii(s) = ————— 3)

sL;
The current through the capacitor is given by,
dVg

I. = Co— 4
c 0 dt “4)

Then, voltage across the capacitor i.e. grid voltage Vi can be
presented as,
dVg I
dr T Go
The capacitor current is the phasor sum of the inductor current

I; and grid current I, i.e. I. = I; — I,. Then “(5)” can be
represented as,

&)

AVe 1 = In]

a  Cy ©
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TABLE 1. Parameter selection for microgrid with transformerless inverter.

Parameter Symbol Value
Source Voltage Vie 300V
Grid Voltage Va 220V
Input Capacitor Cin 940uF
Filter Inductor Ly and Lo 0.8mH
Filter Capacitor Co 0.15pF
Parasitic Capacitor Cp T5nF
Switching Frequency fsw 20kH z

Applying the laplace transform, ““(6)’ can be written as,

(i (s) — In($)]

V =
sVG(s) o
Ii(s)— 1
Vo) = 1® = In®)] -
sCo
The representation of any linear system can be done as,
X = Ax + Bu
y = Cx + Du (8)

where, A, B, C and D are the system, input, output and tran-
sition matrices of the plant respectively with state x, input u
and output y. Then the state space of grid connected MG from
“(2)” and “(6)” can be presented as,

Adlne]_[0 -1 r@q [i]
m[%@}_L% o} Vet | |6 1)

0
i [_L] [£ts)] )
Co
y=[Va]=[01] [‘i’(;(gz)] (10)

The parameter values are listed in Table 1.

IIl. MODULATION TECHNIQUES

A proper modulation technique is required to produce the
gate pulse of the inverter to reduce the THD of the sys-
tem. Different PWM techniques have been proposed to pro-
duce the gate pulse of the inverter such, bipolar PWM [37],
unipolar PWM [38], third harmonic injection PWM (THI
PWM) [39] and third harmonic injected equal loading ninety
degree clamped PWM (THIELNDC PWM) [40].
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FIGURE 3. Operating modes of H5 topology.

The bipolar PWM technique uses a sinusoidal signal which
is compared with the carrier having high frequency to control
the on/off states of the inverter. A large amplitude of the ref-
erence signal as compared to the carrier turns on the inverter
switches and produces gate pulse. The inverter switches are
turned off when the reference signal becomes lower than the
carrier [38], [41]. On the other hand, unipolar PWM uses
two sinusoidal signals whose phase shift is 180°, but the
magnitude and the frequency of those sinusoidal signals are
kept same [41].

The reference signal is combined with high frequency sinu-
soidal signal in THI PWM technique. The carrier frequency
is used to find the pulse number where the pulse width is
calculated by the magnitude of the reference signal. This tech-
nique inserts a third harmonic signal to the modulation signal
that reduces the THD of the voltage [42]. The THIELNDC
PWDM is a technique that not only reduces the switching losses
and THD but also increases the lifetime of the inverter. The
modulation signal is combined with the third harmonic signal
having amplitude of 1/6 times larger than the modulation
signal which is shifted by 180° [40].

IV. LEAKAGE CURRENT PROBLEM ANALYSIS

OF TRANSFORMERLESS INVERTER

A resonant circuit is formed when transformer is removed
from the inverter. This resonant circuit is formed with para-
sitic capacitor (Cp), filter inductors (L; and L) and output
capacitor (Cp) as shown in Fig. 2(c). Here, the inverter is
represented by power converter block where terminal P and
Q are connected to the grid side through filter inductors.
The leakage current is thus the function of grid voltage(Vy),
parasitic capacitance (Cp), Vpn, Von and filter inductances
and capacitance, where, Vpy is the voltage between the points
P and N, and Vyy is the voltage between the points Q and N.
Thus, The differential mode (DM) voltage, Vpp can be
represented as [43],

Vo = Ven — Von (11)
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and the CM voltage is,
Vem = 0.5(Vey + Von) (12)

The leakage current largely affects the Vpp voltage that
produces additional CM voltage which is given by [34],

v, 0.5(Vey + Vo) x 112 (13)
_po =0. X
CM—PQ PN ON L+ Lo
Then the total CM voltage can be represented as,
Vem—an = Vem + Vem—po = 0.5(Vpy
Ly
V 0.5(VPN + VON 14
+Von) +0.5( +Q)L+L()
Now, the representation of the leakage current is,
. dVem—ai
y = CPT (15)

It is clear from ““(15)” the leakage current will be zero for
a constant Vey—qu. If L1 = Ly, “(13)” gives Vey—pg = 0
and “(14)” indicates Vey—an = Vem- Any little fluctuation
of this CM voltage may result leakage current.

V. EXISTING TRANSFORMERLESS INVERTER STRUCTURE
The circuit structure of existing topologies such as HS,
HERIC family (HERIC-I, HERIC-I-PNPC, HERIC-II,
HERIC-III, HERIC-IV, HERIC-V, HERIC-V-PNPC), H6
family (H6, H6-ANPC, H6-PNPC, improved H6) are shown
in Figs. 3(a)-14(a) respectively. Figs. 3(f)-14(f) exhibit the
waveforms of the gate drive signal for those topologies. There
are four operation modes of each topology, which are shown
in Figs. 3(b to e)-14 (b to e) respectively. The operations of
those topologies have been summarized in Table 2 where AP,
FP, AN and FN indicate the active mode for positive half
cycle, freewheeling mode for positive half cycle, active mode
for negative half cycle and freewheeling mode for negative
half cycle respectively.

Table 2 shows that the CM voltage of all existing topologies
varies between Y2€ to A DC for every active to freewheeling
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TABLE 2. Operating modes analysis.

Topology Mode | Switches Inductor Current Path Ven Von DM CM
On Voltage, Voltage,
Vpq Vou
AP S1, S4, S5 S5, S1, S4 Vbe 0 Vbe 0.5Vpe
FP S1 S1, the antiparallel | =~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpc
H5 .
diode of S3
AN S2,53,S5 S5,S3,S2 0 Vbe Vbe 0.5Vpc
FN S3 S3, the anti-parallel | =~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpc
diode of S1
AP S1, S4, S5 S1, S4 Vbe 0 Vbe 0.5Vpe
HERIC-I FP S5 S5, D1 ~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpc
AN S2, S3, S6 S2,S3 0 Vbe Vbe 0.5Vpe
FN S6 S6, D2 ~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpc
AP S1, S4, S5 S1, S4 Vbe 0 Vbe 0.5Vpe
FP S5 S5, D1 ~ 0.5Vpce ~ 0.5Vpe 0 ~ 0.5Vpce
HERIC-I-PNPC AN S2, S3, S6 S2, S3 0 Vbe Vbe 0.5Vpe
FN S6 S6, D2 ~ 0.5Vpce ~ 0.5Vpe 0 ~ 0.5Vpce
AP S1, S4, S5 S1, S4 Vbe 0 Vbe 0.5Vpce
HERIC-IT FP S5 S.S, the anti-parallel | =~ 0.5Vpc ~ 0.5Vpce 0 ~ 0.5Vpc
diode of S6
AN S2,53,S6 S2,S3 0 Vbe Vbe 0.5Vpe
FN S6 S6, the anti-parallel | =~ 0.5Vpc ~ 0.5Vpce 0 ~ 0.5Vpc
diode of S5
AP S1, S3, S5 S1,S3 Vbe 0 Vbe 0.5Vpe
HERIC-TIT FP S5 S§, the anti-parallel | =~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpc
diode of S6
AN S2, S4, S6 S2, S6, S4 0 Vbe Vbe 0.5Vpe
FN S6 S6, the anti-parallel | ~ 0.5Vpc ~ 0.5Vpce 0 ~ 0.5Vpe
diode of S5
AP S1,8S3,S5 S1, S5, 83 Vbe 0 Vbe 0.5Vpe
FP S5 S5, DI ~05Voc | ~05Voc | 0 ~0.5Vho
HERIC-TV AN [ S2,54,S6 | S2,56,54 0 Voc Vbe 0.5Vhe
FN S6 S6, D2 ~ 0.5Vpc ~ 0.5Vpce 0 ~ 0.5Vpc
AP S1, S4 S1, S4 Vbe 0 Vbe 0.5Vpce
FP S5 S5, D3, D4 ~ 0.5Vpc ~ 0.5Vpce 0 ~ 0.5Vpce
HERIC-V AN [ 52,53 52,53 0 Voo Voo 05Vhe
FN S5 S5,D1, D2 ~ 0.5Vpc ~ 0.5Vpce 0 ~ 0.5Vpc
AP S1, S4 S1, S4 Vbe 0 Vbe 0.5Vpe
FP S5 S5, D2, D4 ~ 0.5Vpce ~ 0.5Vpc 0 ~ 0.5Vpce
HERIC-V-PNPC 5753 52,53 0 Voo Voo 0.5Voc
EN S5 S5, D1, D3 ~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpc
AP S1, S4, S5 S1, S5, S4 Vbe 0 Vbe 0.5Vpe
FP S1, S5, S6 S1, S5, DI, S6, D2, | = 0.5Vphc ~ 0.5Vpce 0 ~ 0.5Vpc
H6 : .
the anti-parallel diode
of S2
AN S2, S3, S6 S2, S3, S6 0 Vbe Vbe 0.5Vpce
FN S6, S2, S5 S6, D2, the anti-parallel | ~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpce
diode of S1, S2, S5, D1
AP S1, S4, S5 S5, S1, S4 Vbe 0 Vbe 0.5Vpe
H6-ANPC FP S1, S6 S.l, the anti-parallel | =~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpc
diode of S3
AN S2,S3, S5 S2,S3, S5 0 Vbe Vbe 0.5Vpe
FN S3, S6 S3, the anti-parallel | ~ 0.5Vpc ~ 0.5Vpe 0 ~ 0.5Vpce
diode of S1
AP S1, S4, S5, | S5, S1, S4, S6 Vbe 0 Vbe 0.5Vpe
S6
H6-PNPC P ST, 54 ST, 54, D1, D2 ~05Voc [ =05Voc |0 ~05Vbe
AN S2, S3, S5, | S5,S2,S3,S6 0 Vbe Vbe 0.5Vpce
S6
FN S2,S3 S2,S3,DI, D2 ~ 0.5Vpc ~ 0.5Vpce 0 ~ 0.5Vpc
AP S1, S4, S5 S5, S1, S4 Vbe 0 Vbe 0.5Vpe
FP S1 S1, the anti-parallel | ~ 0.5Vpc ~ 0.5Vpe 0 ~ 0.5Vpe
Improved H6 diode of S3
AN S2,S3, S6 S6, S2 0 Vbe Vbe 0.5Vpe
FN S3 S3, the anti-parallel | =~ 0.5Vpc ~ 0.5Vpc 0 ~ 0.5Vpce
diode of S1
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FIGURE 5. Operating modes of HERIC-I-PNPC topology.

mode (both negative and positive half cycles) [15], [16], [30],
[43]-[45]. This little fluctuation of CM voltage produces the
leakage current.

A. H5 TOPOLOGY
The H5 topology [15], [46] is the modified version of full
bridge inverter structure where an extra switch is added as
shown in Fig. 3(a). This extra switch increases the efficiency
and eliminates the high-frequency component of CM voltage
as no exchange of reactive power between DC side to the
grid during freewheeling modes. It reduces the core losses by
using unipolar voltage distribution. But the switch junction
capacitor will create leakage current due to it’s assymmetric
structure in practical applications [47]. Moreover, high con-
duction losses are visualized due to the continuous conduc-
tion mode of three switches in all active modes.

The operation modes of this topology are summarized
in Table 2, which shows the CM voltage varies between
% to & % for every active to freewheeling mode (both
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negative and positive half cycles). This slight variation of CM
voltage is responsible for the leakage current.

B. HERIC-I TOPOLOGY

Two extra switches with two diodes on AC side are employed
in the HERIC-I topology [29], [43] as shown in Fig. 4(a).
Those extra switches with diodes create an alternative path
for inductor current during both positive and negative free-
wheeling states and helps to isolate the grid side from
the DC source, that prevents the reactive power exchange
between LCL filter and input capacitor Cj, during freewheel-
ing modes [29]. This topology also reduces the conduction
loss [45]. The CM voltage of this topology is not constant
in all operating modes, that is the evident of increasing the
leakage current.

C. HERIC-I-PNPC TOPOLOGY
The HERIC-I-PNPC [15], [16] employs two diodes with
bidirectional switches on the grid side as shown in Fig. 5(a).
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This topology inserts a passive neutral point clamped network
which keeps the CM voltage almost constant and reduces the
high frequency component of CM voltage [45]. So, the r.m.s
value of leakage current would be very small in this topology.

D. HERIC-Il TOPOLOGY

The HERIC-I and the HERIC-II are similiar in operation
and therefor the characteristics of the CM voltage is almost
identical. The HERIC-II [26], [44] employs two back to
back switches on the grid side as shown in Fig. 6(a). These
additional switches help to isolate the grid side from the
DC source and preventing the reactive power exchange
between LCL filter and input capacitor Cj, during freewheel-
ing modes [26]. But the requirement of these extra switches
increase the size and cost of this inverter.

E. HERIC-1ll TOPOLOGY
The HERIC-III [27], [45] is the modification of basic HERIC
structure, where two extra switches are used between the

VOLUME 8, 2020
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points P and Q as shown in Fig. 7(a). That kind of arrange-
ment creates an alternative path for flowing the inductor
current during freewheeling modes. Three switches are in
conduction state during active mode of negative half cycle
and eliminates the need of PWM dead time [45]. The pres-
ence of high conduction loss is the main limitation of this

topology.

F. HERIC-1V TOPOLOGY

The HERIC-IV [28], [48] is the modified version of half
bridge inverters, where two extra switches are employed
on the filter side as shown in Fig. 8(a). Two back to back
diodes are connected between these two switches and point Q
which have two functions such as, creating an alternative
path to flow the inductor current and isolating the DC source
from the grid during freewheeling modes [28]. In this topol-
ogy, three switches are in conduction in all active modes
that having maximum conduction loss among the HERIC
family.
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FIGURE 8. Operating modes of HERIC-IV topology.

FIGURE 9. Operating modes of HERIC-V topology.

G. HERIC-V TOPOLOGY

The HERIC-V [16], [20] topology has a switch that can
operate in high frequency all the time. This topology employs
a single switch and four diodes on the grid side as shown
in Fig. 9(a). This topology overcomes the limitation of
HERIC-IV topology by reducing the conduction loss. But the
high switching loss is the main disadvantage of this topology.

H. HERIC-V-PNPC TOPOLOGY

Another modified version of the HERIC family is the HERIC-
V-PNPC [29], [45], consisting of a clamping cell on the DC
side as shown in Fig. 10(a). This clamping cell helps to keep
the CM voltage constant. As a result leakage current would
be reduced in this topology. Extra switches and diodes are
required to eliminate the high frequency component of grid
voltage that increases the cost and the size of this topology.

I. H6 TOPOLOGY
The H6 topology [30], [44] employs two switches between
the terminal (P) and the negative terminal of the DC
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source (N), another two switches between the terminal
(Q) and the negative terminal of the DC source (N) as
shown in Fig. 11(a). The inductor current is flowing through
three switches in all modes of H6 topology. Diodes D1 and
D2 are added to reduce the conduction loss and discon-
nect the AC and DC side during freewheeling modes.
The presence of the unipolar distribution current between
switches keep the loss of the inverter balanced [30].
But the conduction and switching losses are high of this
topology.

J. H6-ANPC TOPOLOGY

The H6 inverter topology lacks the ability to reduce leak-
age current due to the transistors’ junction capacitance. The
H6-ANPC [45], [49] employs a clamping cell on the DC
side, that overcomes the limitation of the H6 topology and
helps to keep the CM voltage constant. Thus, the leakage
current would be small after adding the clamping cell. But
the requirement of large number of gate driver signals is the
main limitation of this topology.

VOLUME 8, 2020



M. R. Islam et al.: Blended Improved H5 Topology With ILQG Controller

IEEE Access

1
=V
2bc

1
Vi
2Vne

1
Vi
27pc

1
2y
77 o

FIGURE 11. Operating modes of H6 topology.

K. H6-PNPC TOPOLOGY

The H6-PNPC [20], [31] employs two switches between the
DC side and full bridge inverter structure and two diodes
are added between these extra two switches. At freewheeling
modes, these two switches help to disconnect the DC side
from the grid. The H6-PNPC also employs a clamping cell
which reduces the effect of switch junction capacitance [45].
Four switches are in conduction mode in all active modes,
so conduction loss is very high for this topology compared to
the H6.

L. IMPROVED H6 TOPOLOGY

To reduce the effect of switch junction capacitance, another
H6 topology is proposed called improved H6 [44], [50].
An extra switch is added into the HS topology between
the point Q and the DC side as shown in Fig. 14(a). This
switch prevents power exchange from grid side to the DC
side and form an alternative path to flow the inductor current
during freewheeling modes. Improved H6 topology reduces

VOLUME 8, 2020
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the conduction loss compared to the H5 topology, as only
two switches are in conduction mode during active mode
of negative half cycle. This topology is also able to reduce
the leakage current and THD of grid voltage and current.
But the main limitation of this topology is that it has higher
conduction loss than any HERIC family member [44].

V1. DESIGN OF IMPROVED H5 TOPOLOGY

The variation of the CM voltage is the main reason of the
leakage current which reduces the performance of the MG by
increasing the THD of grid voltage and current. It is evident
from all of the discussed topologies have varying CM voltage
that causes the leakage current of the inverter. The main
contribution of this paper is to design an improved HS5 topol-
ogy [34] with ILQG controller for MG application in order
to reduce the leakage current. This improved HS5 topology
is consisted of five switches and one clamping diode D,
as shown in Fig.15(a), where a passive clamped circuit is
constituted by Ci,1, Cin2 and D,.
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FIGURE 14. Operating modes of improved H6 topology.

A. OPERATING MODES ANALYSIS

Mode 1: S1, S4 and S5 are turned on during the active mode
of the positive half cycle as shown in Fig. 15(b), which makes
Vem = Vgny = 0 and Vv = Vpc. Thus the CM voltage can

69648

be found as,

Vem

_ Ven+Von

Vem +Von +Vuy
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FIGURE 15. Operating modes of improved H5 topology.

TABLE 3. Highlights of different topologies.

. Re-
Semicon- . . Input
ductor Switches in Diode Capaci- versed L itati
Topology . Conduction P Recov- Advantages Limitations
Switches Used tor
Used Mode Used ery
) Diode
H5 5 3 2 1 1 Lower core losses Higher conduction losses
Lower conduction losses and leakage Requirement of the dead time to
HERIC-I 6 2 2 1 1 current eliminate the leakage current
HERIC-I- 6 2 4 0 Lower conduction losses and leakage Requirement of the dead time for
PNPC 1 current bi-directional switches
Lower switching losses and leakage Requirement of the dead time to
HERIC-II 6 2 2 1 1 current eliminate the leakage current
HERIC-ITI 6 3 N 1 | No re':qu'irement of the dead time to Higher conduction losses
eliminate the leakage current
HERIC-IV 6 3 2 1 Lower leakage current Higher conduction losses
HERIC-V 5 2 4 1 2 Lower conduction losses Higher switching losses
Requirement of the extra switches
HERIC-V- 5 ) 6 0 2 Lower conduction losses and leakage and diode to eliminate the higher
PNPC current frequency of the grid voltage that
makes the system costly and bulky
Higher switching and conduction
H6 6 3 4 1 3 Balanced losses losses
Requirement of the large number
H6-ANPC 6 3 2 0 1 Lower leakage current of gate driver signal
Lower leakage current, no exchange Higher switching and conduction
H6-PNPC 6 4 2 0 2 of the reactive power between the losses
input capacitor and filter inductor
Improved H6 6 3 N 1 | Lower THD of the grid connected Higher conduction losses
current and leakage current
Maintain the constant CM voltage
that reduces the leakage current of the _
Improved H5 5 3 3 2 1 inverter, lower THD of the grid
voltage and current

Mode 2: Mode 2 is the freewheeling mode for positive
half cycle where only S1 is turned on and other switches
are turned off as shown in Fig. 15(c), where the inductor
current is flowing through S1 and the anti-parallel diode
of S3. So Vpy = Von = %, which suggests Vpp = 0.
Then the CM voltage is,

Ven +Vonv  Vbce
Ve = > ==
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Mode 3: Switches S2, S3 and S5 are turned on during the
active mode for negative half cycle and the other switches
are turned off. It is shown from the Fig. 15(d), the inductor
current is flowing through S5, S3 and S2. So Vpy = 0,

Vou = 0 and Vyy = Vpc, which makes the CM
voltage,
Ven +Vonv  Ven +Vou +Vun  Vpe
Vem = 2 - 2 — 72
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Mode 4: Mode 4 is the freewheeling mode for nega-
tive half period where only S3 is turned on and the other
switches of this topology are turned off. According to
Fig. 15(e), the inductor current is flowing through S3 and the
anti-parallel diode of S1. So Vpy = Vony = %, Ve = 0.
Thus the CM voltage can be presented as,

Ven +Vov Vb

Vem = =
cM 5 5

This improved HS5 topology is able to keep the CM voltage
constant that allows the reduction of the leakage current
and the THD of grid voltage and current. It is important to
note that the direction of the clamping diode, D, is mighty
important here. The direction shown in Fig. 15(a) makes it
in conduction state during both freewheeling modes, which
eventually produces the voltages of Vpy and Vgy equal to
exact % Otherwise, if the direction of that diode would be
reversed, D, will not be in conduction. That means those two
voltages would not be exact gc , rather tends to Yoc C during
freewheeling modes. Which actually indicates a Vanatlon in
Vem voltage and creates much more leakage current.

VIl. CONTROLLER DESIGN
A pure sinusoidal signal is required to deliver the inverter gate
pulse. It is difficult to produce due to unwanted oscillation
in the grid connected MG that affects the production of the
inverter gate pulse. To control this oscillation and produce
a pure sinusoidal signal, an ILQG controller is designed
which has been proposed in [11], [51]. The LQG controller
along with integral controller provides the highly tracking
performance as compared to LQG or integral controller itself.
This control methodology has been done by using H> norm
technique that is responsible to increase the gain and phase
margin of the system.

The system can be represented as follows to design the
controller,

Xt = Axt + By + Doy (16)
yr = Cixp + th;t (17

where, A;, B; and C; represent the matrices of the system,
input and output respectively with state vector x; and out-
put y;. The parameters ¢; and D; are the process and mea-
surement noise matrices respectively. A better selection of
the quadratic cost function J; increases the robustness of the
control system to optimize the control input such as,

J[:E

Tlgnoo7 / [x] Qrx; + u] Ruyldt} (18)

where, O, and R, represent weighting matrices of the sym-
metric constant as such Q; = Q7 > Oand R, = R > 0.
The basic block diagram of the ILQG controller is presented
in Fig. 16 with plant transfer function P(s), integral action %
and LQG controller L(s). The new plant model corresponding
to the ILQG controller can be represented as,

X1 = Anxer + Briugt + Bridr (19)
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L(s)

FIGURE 16. Control structure of ILQG controller.

yi1 = Cixn (@) + vn (20)

where A;1, B;1 and C;1 can be represented as,
A A; O B C: 0
=

j— t —
Ct O},Btl = Oj|,and Ctl = Cl I

X1 and yy are the augmented vector that can be represented
as, x1 = [x; [ydt]’, yn = [y1 y217. If the system noise
is w1, sensor noise is wp and added integral noise is w3, then
91 = [w2 w3]T. The cost function will be updated for the
system with ILQG controller that can be represented as,

17
Jn=8{ lim — /0 Ly Qrxen +wi Q" win+ufy Ry |
@n

where, w;| is the weighting matrices as w;; = fOT yi(t)dr.
Q;1 and Q" are the state and integral state matrices, and R;|
represents the control input matrix such as Q;; = Qt1 >0,
Q' >0,and R;| = RIT] > 0.

The complete modelling of the ILQG controller with
Kalman filter and LQR controller can be represented as,

X1 = Anxen + Brugy + K (ver — Crixen) (22)
uy = — KX (23)
where K;| is the kalman gain that can be represented as,
Kn = PuCLR (24)
where Py is the Riccati equation solution as,

P = AL P, +PnA, —lec,TlR,_IICzlel +0n (25

v2 0
O =vi R = |:02 V%i| (26)

where, v represents the standard deviation with sensor and
measurement noise. And K;; is the feedback gain that can be
represented as

Koo = R;,'BiPo 27)
where Py, can be represented by
P=AlPy +PpAg — Pzzc,TlRl_zl CiPn+0n (28)

where

10
0 =C}, [O }cﬂ Ro=r (29)

The proper selection of the parameters Q;1, O, R;1 andRy2,
are essential to track the reference signal properly that helps
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FIGURE 17. (a) Leakage Current, (b) Grid voltage, (c) Grid current and (d) CM voltage of H5 topology with ILQG controller.
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FIGURE 18. (a) Leakage Current, (b) Grid voltage (c) Grid current and (d) CM voltage of HERIC-I topology with ILQG controller.

to increase the bandwidth, gain and phase margin of the sys-
tem and efficiently produce the gate signal for controlling the
leakage current of the transformerless inverters. The parame-

ters to design an ILQG controller has been listed in Table 4.
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VIIl. PERFORMANCE ANALYSIS

The performances of the MG with different topologies and
methodologies have been investigated in this section. The
variation of the CM voltage is responsible to increase the
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FIGURE 20. (a) Leakage current, (b) Grid voltage, (c) Grid current and (d) CM voltage of HERIC-II topology with ILQG controller.

leakage current of the inverter that hampers the perfor-
mance of the MG, thus the THD of grid voltage and cur-
rent increases. It is seen from the Table 2 that the exist-

ing topologies exhibit the variation of the CM voltage
which varies from Vpc/2 to tends to Vpc/2. This little
variation in the CM voltage increases the leakage current.
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FIGURE 22. (a) Leakage current, (b) Grid voltage, (c) Grid current and (d) CM voltage of HERIC-IV topology with ILQG controller.

The performance of the designed topology has been com-
pared in this section to find out the optimum modulation
technique to reduce the leakage current with ILQG controller.

The leakage currents of the existing topologies with ILQG
controller are shown in Figs. 17(a)- 28(a) which indicate the
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variation of the leakage current with different modulation
techniques. The control method of gate drive signal for differ-
ent modulation techniques is responsible for higher or lower
THD of grid voltage and current. Figs. 17(b)- 28(b) exhibit
the grid voltage under different modulation techniques using
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FIGURE 23. (a) Leakage current, (b) Grid voltage, (c) Grid current and (d) CM voltage of HERIC-V topology with ILQG controller.
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FIGURE 24. (a) Leakage Current, (b) Grid voltage, (c) Grid current and (d) CM voltage of HERIC-V-PNPC topology with ILQG controller.

controller to produce the gate drive signal of inverters. Again,
the grid current of the existing topologies are represented in
Figs. 17(c)- 28(c).

ILQG controller. It is depicted from the Table 5 that all mod-
ulation techniques keep the grid voltage’s THD almost same
with a lower value which is possible because of using ILQG
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FIGURE 25. (a) Leakage Current, (b) Grid voltage, (c) Grid current and (d) CM voltage of H6 topology with ILQG controller.
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FIGURE 26. (a) Leakage current, (b) Grid voltage, (c) Grid current and (d) CM voltage of H6-ANPC topology with ILQG controller.

It is noticeable from the Table 5 that the r.m.s value
of leakage current with HS5 topology is very low for
THIELNDC-PWM and the THD of grid current is much
higher for THI-PWM as compared to other modulation tech-
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niques. The r.m.s value of leakage current with HERIC-
I, HERIC-1II, HERIC-IV, HERIC-V, HERIC-V-PNPC, H6-
ANPC, H6-PNPC and improved H6 topologies is lowest for
THIELNDC-PWM and for other topologies it is true for
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FIGURE 27. (a) Leakage current, (b) Grid voltage, (c) Grid current and (d) CM voltage of H6-PNPC topology with ILQG controller.
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FIGURE 28. (a) Leakage current, (b) Grid voltage, (c) Grid current and (d) CM voltage of Improved H6 topology with ILQG controller.

unipolar PWM. The THD of grid voltage and grid current for
all the existing topologies are good enough, which indicates
the usefulness of the inclusion of ILGQ controller. The THD
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of grid voltage is extremely satisfactory for all the modulation
techniques, though the THD of grid current is more reliable
for unipolar-PWM technique.
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TABLE 4. Design parameter values for ILQG.

Design parameter V1 Vo

v3 q r

ILQG Controller 1x 108 1 x 10%

1x 102 1x 10° 1x 1072

A. OUTPUT PERFORMANCE FOR DESIGNED

H5 TOPOLOGY

To improve the CM characteristics, designed HS topology
employs a passive clamping circuit which is able to reduce
the high frequency component in CM voltage and keeps it
almost constant (149.925V to 150 V) as shown in Fig. 29(d).
This constant CM voltage is able to reduce the leakage current
to a great amount. Comparing with all those methodologies,
the designed HS with ILQG controller provides satisfactory
result as shown in Fig. 29(a). Among them unipolar PWM
exhibits the lowest leakage current of just 0.935 mA as shown
in Table 5. It is worth mentioning that, in this work, we tried
to find how much affects the direction of clamping diode,
D, has, and found that the revised direction of D, gave
worse results in every aspect with compare to the designed
one. For example, with unipolar PWM modulation technique,
its leakage current was 18.26 mA, while the designed one
considers only 0.935 mA.

IX. COMPARATIVE ANALYSIS
This section presents a comparison of the designed HS topol-
ogy with the existing topologies with different modulation

VOLUME 8, 2020

techniques in presence of ILQG controller to reduce the
leakage current. This comparative analysis is important to
find out the most optimum modulation technique for the
inverter to reduce the leakage current as well as the THD
of grid voltage and current. The design of ILQG controller
is presented in this paper to produce the gate drive signal
efficiently which is fed to the inverter to stabilize the volt-
age. The performances of the ILQG controller with different
topologies and modulation techniques have been investigated
in the MATLAB/Simulink environment. Table 3 highlights
the different topologies in detail with different parameters.
The r.m.s value of the leakage current and percentage of
the THD of grid voltage and current have been reported
in Table 5. This table and the simulated results are the evidents
that the designed H5 topology with ILQG controller shows
the satisfactory result as compared to the other topologies.
The proposed blended technique with unipolar PWM reduces
the leakage current to a lowest value as compared to other
topologies with other modulation techniques. This unipolar
PWM with ILQG controller provides the most optimum con-
trol performance to reduce the leakage current of the inverter
as well as the THD of the grid voltage and current and
stabilize its performance.
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TABLE 5. Comparison of different performance parameters for various topologies with different modulation techniques including ILQG controller.

THI Bipolar-PWM Unipolar-PWM THELNDCPWM
Topology r T T ook
THD of | THD of L;;‘e' THD of | THDof | “** | THD of | THD of L;’;‘e' THD of | THD of | e
Voltage | Current Voltage | Current Voltage | Current Voltage | Current | Cyrrent
@ | @ | e | [N | [N e | @ |
Hs 009 | 007 | (i | 004 | 001 | ool 008 | 005 | (00| 009 | 095 | o060
HERIC- | 012 | 161 | ooz | O 236 | gonga | 003 | 011 | ooooced 004 | 188 | 00206
HERIC-
B 029 | 081 | ey | 019 | 192 | gozjee | 003 | 007 | 00128 | 004 | 172 | (1015
PNPC
) 0.1676
HERIC- | 028 15| oosose | 003 | 132 | oo | 001 | 048 | oo 004 | 104
HERIC-| 010 | 235 | goppegy 035 | 900 | 03307 | 004 | LI2 | goeyg 007 | 183 | 0003677
HERIC- | 005 13 | 06496 | 002 | 056 | eeso| 006 | 103 | oo | 003 | 081 | o7
HERIC-| 017 | 42 | 01054 | 004 | 086 | 0.054 | 006 | 147 |50 002 | 041 | oo03704
HERIC-
9 028 | 681 | 01283 | 031 | 277 | o0 | 006 | 149 | ceee| 003 | 065 | 0001966
PNPC
H6 | 034 | 076 | gopoug | 005 | 017 | (e | 006 | 051 | (ioasesl 006 | 097 | 000101
H6-
axpe | 001|050 |l 006 | 153 | 05646 | 004 | 095 | (e | 002 | 058 | o354
H6-
paoc | 018 | 443 | 00417 | 045 | 342 | o0 | 005 | 165 | o0 | 01 265 | 0.005344
Im-
poved | 004|212 | 0029 | 035 | 381 | o509 [ 003 | 16T | goncer| 005 | 095 | o o06ses
Im-
poved | 003|068 | osqey | 003 | 008 | o935 001 | 008 | gonp0as 006 | 095 | on0sss

X. CONCLUSION

The better performance of MG largely depends on the proper
control of the voltage source inverter. The production of the
leakage current through the parasitic capacitance is the main
limitation of the transformerless inverter that hampers the
safe operation. This paper presents an improved HS5 inverter
topology with ILQG controller to reduce the leakage current
by maintaining a constant CM voltage. Thus, it reduces the
THD of the grid voltage and current. The design of ILQG
controller produces the gate signal of the inverter efficiently
and stabilize the voltage of the MG. This paper presents a
comparative analysis among the improved H5 topology with
the HS topology, HERIC family and H6 family topologies and
shows their performances with ILQG controller for different
types of modulation techniques. It is clear from Table 5 that
the blended technique of improved H5 topology including
ILQG controller with unipolar PWM provides the most opti-
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mum performance in the case of reduction of leakage current,
as well as the THD of grid voltage and current. This work will
be extended for the three-phase MG to investigate its per-
formance with ILQG controller under different modulation
techniques.
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