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ABSTRACT

The inevitable depletion of limited fossil fuels combined with their harmful footprint on
the environment led to a global pursuit for alternative energy sources that are clean and
inexhaustible. Renewable energies such as wind, biomass and solar are the best
alternative energy candidates, with the latter being more suitable for GCC countries.
Besides, the energy generated from photovoltaic (PV) modules is one of the elegant
examples of harnessing solar energy, as it is clean, pollutant-free and modular.
Furthermore, recent advances in PV technology, especially grid-connected PV systems
revealed the preeminence of using multiple small inverters called (Microinverters) over
using the conventional single inverter configuration. Specifically, the break-even cost
point can be reached faster and the system modularity increases with microinverters
usage. Nonetheless, due to microinverter’s small ratings designers prefer transformerless
designs because transformer removal achieves higher efficiency and power density.
However, the transformer removal results in loss of galvanic isolation that leads to
dangerous leakage current circulation that affects system safety. Another issue with
microinverters is that since they are installed outside their bulky DC-Link electrolytic
capacitor lifetime deteriorates the system reliability because electrolytic capacitor failure
rate increases as temperature increases. Moreover, the DC-Link capacitor is used to
decouple the 2" order power harmonic ripples that appear in single-phase systems. Thus,
the objective of this thesis is to design an efficient transformerless microinverter that has
low leakage current circulation and low input capacitance requirement with a minimum

number of active switches. In other words, the objective is to increase the safety and the



reliability of the system while maintaining the high efficiency. Eventually, the
configuration selected is the transformerless differential buck microinverter with LCL
filter and it is modeled with passive resonance damping and active resonance damping

control.
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Chapter 1 : Introduction

1.1. Background

The rapid increase in the energy demand is coupled with the rapid exhaustion of the
limited fossil fuel sources. This fact increased the global requirement for clean energy
sources and efficient and reliable harnessing technologies [1]-[5]. Unlike fossil fuel based
systems, technologies involved in the utilization of renewable energy resources such as
solar energy, wind energy and biomass energy are environmentally clean and this is the
reason why these sources are more significant in this century. For instance, sun’s energy
is inexhaustible, effective and environmentally friendly [6]-[10]. Also, the energy
generated from photovoltaic (PV) modules is one of the elegant examples of harnessing
solar energy, as it is clean, pollutant-free and modular [11]. Beside, PV modules are
noiseless, require low maintenance and have simple operation [12]. Since most power
systems and loads are AC, PV module’s DC output power is unsuitable for them and
many power conversion stages must be added. Traditionally, PV DC output power is
converted to an AC-side power through a single central inverter (Figure 1.1 (2)) or by the
other different conventional configurations as in Figure 1.1 (b) and (c). Also, to assure
that the system is extracting the maximum power from the PV panel, a DC/DC converter
is used with maximum power point tracking (MPPT) algorithm and it is connected prior
to the inverter.

However, the traditional methodology used in grid-connected PV systems is

challenged by a new methodology. Specifically, multiple small inverters are deployed



with each PV module and their output is connected in parallel with the utility grid
(Figure 1.1 (d)). These small inverters are called Microinverters. According to [13]-[15],
microinverter-based PV systems improve energy harvest and system efficiency. In
addition, microinverter-based PV system reduces installation cost, boosts flexible future
expandability option and increases system modularity [13]-[15]. Microinverter
configuration is crucial to Gulf Cooperation Council (GCC) region countries because
microinverter provide a flexible future expandability option instead of derating or
overrating the central or the string inverter in case of PV system expansion or expected
expansion. Figure 1.1 shows a structural comparison between the microinverter

configuration and the conventional configurations in PV systems. Note that, ratings of
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Figure 1.1: Structural comparison between conventional inverter configuration and
microinverter configuration in grid-connected PV systems: (a) centralized configuration,
(b) string configuration, (c) multi-string configuration and (d) microinverter configuration
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microinverters are related to the commercially available PV modules which are between
200W and 700W [16].

Grid-connected microinverters are classified as transformer or transformerless type
based on the existence of galvanic isolation. The galvanic isolation is realized practically
with a transformer. In addition to isolation, these transformers can be utilized as voltage
boosters. Moreover, the transformer in the microinverter is either placed in the AC side
with line frequency operation or in the DC side with high frequency operation.
Unfortunately, line frequency transformers are impractical because line frequency
transformers are bulky. Similarly, the high frequency transformers also introduce extra
losses. According to [17], removing the transformer from the inverter or microinverter
achieves 1% to 2% higher efficiency, improves the power density and reduces the
cost [18]-[20]. Thus, microinverter developers are recently concentrating on
transformerless designs.

However, this global movement toward transformerless designs raised a safety flag
regarding the loss of galvanic isolation and the amount of the circulating leakage
current [21]. This leakage current is caused by the existence of the parasitic capacitance
between the PV terminals and the ground. In addition, leakage current circulation causes
power losses, current harmonics and electromagnetic interference [21], [22]. Therefore,
the suppression of this leakage current improves the reliability of the system [23].
Recently, new requirements were added to the German PV system grid connection
standard -Verband Der Elektrotechnik (VDE) - about the maximum leakage current

magnitude and its sudden variation [24]; if the leakage current is over 300mA RMS or



the sudden variation reaches 30mA RMS the inverter is automatically disconnected from
the grid irrespective of the power conversion level [25].

One of the other important issues with single phase systems is that the
instantaneous power consists of an average term and double line frequency pulsating
term. However, with single phase generators such as synchronous generators the double
grid frequency power is filtered by the inertia of the rotor and the prime mover combined.
Unfortunately, due to the zero inertia of PV systems, this double frequency power is not
filtered and it is transferred to the DC-side. The classical solution to minimize the power
pulsating is to use a large electrolytic capacitor in the DC-side. However, the electrolytic
capacitor deteriorates the reliability of the system since it is responsible for most system
failures [15], [26]. Besides, since microinverters are installed outdoor without any
auxiliary cooling systems there is a concern about the performance of the electrolytic
capacitor; because of its reliability sensitivity to the temperature change. Additionally,
the usage of polypropylene film capacitor is not possible due to the high capacitance
requirement —in mF for a system with a 600W rating only - that increases the cost of the
film capacitor [27]. In other words, reducing the input capacitance requirement would
allow the usage of smaller reliable capacitor —film type not electrolytic type- at the DC-

link; therefore, boosting the overall system reliability.

1.2. Thesis Objective
The objective of this thesis is to 1) study and review techniques of mitigating leakage
current and power ripples in transformerless single phase microinverters, 2) design a

highly efficient transformerless microinverter with low leakage current circulation using



a minimum number of switches and 3) design a suitable controller to lower input
capacitance requirement. This will improve the safety and reliability of the designed
microinverter as reducing the leakage current improves the safety aspects, and lowering
the input capacitance allows the usage of film capacitors that boosts the system

reliability.

1.3. Thesis Scope

The scope of this thesis focuses on the study and design of DC/AC converter side and the
grid connection of the transformerless microinverters. In other words, the high gain
DC/DC boost converter that is equipped with MPPT algorithms prior to the DC-link
capacitor; is out of the scope of this thesis. These topics (high gain requirement issue with
microinverters) are well discussed in previous literature [28]-[31]. Note that, in this thesis
there is no quantitative measurement of the reliability improvement. Nevertheless,
according to the suggestions of [32], [33], decreasing the input capacitance and avoiding
the usage of electrolytic type DC-Link capacitor would enhance the overall system

reliability (longer lifetime).

1.4. Thesis Outline

The thesis report starts with an introductory overview in Chapter 1 (this chapter)
describing the background, statement of the problem, objectives and outline of the thesis.
Chapter 2 extensively surveys the existing methods to tackle the leakage current and the
power ripples issues. In Chapter 3 a thorough study is conducted to compare various

leakage current reduction topologies and the possibility of transistorless power



decoupling. Chapter 4 discusses the design methodology adopted in this study. Chapter 5
explores extensively the microinverter design adopted (LCL Differential Buck
Microinverter) to simultaneously decouple the power ripples and reduce the leakage
current. Chapter 6 describes the simulation results of the proposed techniques. Chapter 7

concludes and outlines future works.

Chapter 2 : Literature Review

The literature review chapter is divided into two sections: 1) analysis and review of
leakage current reduction techniques and 2) double grid frequency power ripples issue.
Specifically, in each section a detailed investigation of the generation mechanism of each

phenomena is presented and techniques to mitigate them are surveyed.

2.1. Leakage Current Review

This section surveys the leakage current generated by different full-bridge microinverter
topologies. Specifically, elaboration on how the leakage current is linked to the common
mode voltage and how Pulse Width Modulation (PWM) scheme affects the leakage
current. In addition, the existing methodologies that are used to reduce the leakage
current in microinverter topologies are discussed. The survey excludes the family of half-
bridge topologies because they need twice the grid peak voltage at the DC-link which
stresses further the high gain boost DC-DC converter connected with the PV

module [28]- [31].



2.1.1 Common Mode Voltage and Leakage Current
The general transformerless microinverter configuration circuit with the parasitic elements
is shown in Figure 2.1. This configuration is used to analyze and explain the generation of

the leakage current.
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Figure 2.1: Transformerless PV microinverter general circuit configuration with parasitic
elements representation

Without the galvanic isolation between the grid and the PV system, a Common
Mode (CM) resonant circuit is formed. This CM circuit consists of the stray capacitances
between the PV panel terminals and the ground C,,44+ and C,,,4—, the impedance of the
negative terminal of the grid and the ground of PV panel Z;.zq, and the EMI filter
components. Analyzing the high frequency CM noise in Figure 2.1, it is clear that the
equivalent CM model can be represented as four different voltage sources, V¢, vy, van
and vgy. The four distinct sources have different frequencies, hence superposition

analysis must be considered. Nevertheless, the grid voltage and PV source can be ignored



because of its low frequency content compared to the two CM noise sources v,y and
vgy [34]. Also, because the CM current is of capacitive nature, high frequency signals
are the major concern. Evidently any impedance connected in parallel with the neglected
sources (e.g. Cous in Figure 2.1) is shorted. According to [34], Camdoes not affect the CM
current and it is also shorted in the analysis. Consequently, the high frequency CM

equivalent circuit can be represented as in Figure 2.2 (b) [35].
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Figure 2.2: Microinverter high frequency CM model: (a) steps to obtain the high frequency
CM circuit and (b) the high frequency CM equivalent circuit



Using Thevenin’s theorem, it is possible to find a general term for the total CM

noise. Explicitly, according to Figure 2.3 (a), Z7x is expressed as in (2.1)

C C
Zon = Lo/ /Ly + 2Lem/[2Lhem + =] =5 11 Z6cca (2.1)

and according to Figure 2.3 (b), Vm is the open circuit voltage at the Cprg+ and Cprg-

terminals.

VanLy + vpyLq

2.2
Ly+ L4 (22)

Vrn = Veotaiem =
Notice that (2L.y//2L.y) and (C”Tm//C”T’"//ZGCad) are in series with the stray

capacitances Cpvg+ and Cprg., SO they have zero current during Vi, analysis (open circuit).

As a result, Vh is equivalent to the total high frequency CM voltage as in (2.2).

% Ccm VA N

L, _ 2L, _"_ L,
% Cem @

. Zl_cm _I : VBN
- L,
~~AA —— - (D) ~~A—
zGch
Zn +Vm
-0 O —O O
= =
(@ (b)

Figure 2.3: Microinverter modified CM equivalent circuit: (a) analysis to obtain Zz: and (b)
analysis to obtain Vrx

Considering the conventional CM voltage as



Ve = VAN ‘ZF VBN (2.3)

and the differential mode voltage as

Vam = Van — VBN (2.4)
It is possible to obtain
Va
Uan = Tm + Vem (2.5)
Vg
UBN = _Tm + vcm (26)

Therefore, combining (2.2), (2.5) and (2.6) the total high frequency CM voltage can be

expressed as

_ L,—L,
vtotal_CM = Vem + Vam 2(L2 + Ll) (2.7)

Thus, the CM noise circuit model can be further simplified as in Figure 2.4 without
considering the Zsccs, EMI filter components and shorting the Thevenin impedance as

suggested by [35].

% Vam (L2-L3) /(L2+L5)

— &
Vem @

vag+
1' cm
Covg- 4

Figure 2.4: CM noise simplified circuit model suggested by [35]
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As indicated in [34]-[37], the total CM noise has contribution from the differential
voltage and is related to the two filter inductors L; and L,. By selecting identical values
of the two filter inductances L, and L, it is possible to eliminate the contribution of the
differential voltage in (2.7) to the total CM voltage which becomes

_ _ Uan t+ Upy
Vtotal.cM = Vem = T (28)

Hence, after the simplification done in Figure 2.4 and considering (2.8), the leakage
current is the current that flows in the equivalent capacitance C,,, of the two stray

capacitances Cpy,q+ and Cpy,q— and can be expressed as

, _ dvtotal_CM
lem = Cpug dr (2.9)

According to (2.9), it is clear that the sufficient condition to eliminate the leakage current
is to maintain the total CM voltage at a constant value [35], [36], [38]. Practically, the low
frequency component of the CM voltage is not the major concern, since the values of the
stray capacitances are small. While the high frequency components are the major

contributor to the leakage current [25].

2.1.2. Leakage Current Relation with the PWM Scheme

Based on the findings of the previous section that the non-constant CM voltage results in
large leakage current circulation as in (2.9). Therefore, exploring how the leakage current
is related to the PWM scheme can be done observing the CM voltage on the existing 4-
swtich symmetrical inductor microinverter configuration with the basic PWM techniques

as in Figure 2.5. The basic PWM techniques are: Bipolar modulation [39], Standard

11



Unipolar modulation, Unipolar 1l modulation and Unipolar Il modulation [39], [40].

Note that the most commonly used PWM technique is the bipolar one (Figure 2.5

(b)) [39].
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Figure 2.5: Existing PWMs of 4-Switched microinverter: (a) Full Bridge microinverter, (b)
Bipolar modulation [39], (c) Standard Unipolar modulation, (d) Unipolar Il modulation and
(e) Unipolar 111 modulation [40]
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Note that for more clarity of the waveforms, all PWM scheme graphs are illustrated for
one period of the grid cycle (fo=50Hz) and at the lower switching frequency (fs=1kHz).
Also, in all microinverter figures, MOSFET parallel diode is the intrinsic body diode but

the IGBT diode is the normal Si diode.

VDc=—

(@) (b)
Figure 2.6: Bipolar PWM operation modes [39]: (a) During the positive output, (b) during
the negative output

Analyzing the CM noise generated by the bipolar scheme shows that there are two
operation modes and at each mode, the CM voltage is %2 Vpc as shown in Figure 2.6.
Therefore, the CM current is very low since the derivative of a constant CM voltage is
zero. However, at the transition stage between the two operation modes shown in
Figure 2.6, small leakage current spikes occur during the transition from mode (a) to
mode (b) or vice-versa. The benefit of the bipolar modulation is the simplicity and the
low CM noise. Unfortunately, there are some major drawbacks with the usage of bipolar
modulation. One of the greatest issues is that the switching ripples in the output current

occur at the switching frequency. Furthermore, the bipolar swing in the output voltage

13



between Ipc and —Vpc causes great amount of core losses in the output inductors filter
and increases its size [35].

The Unipolar PWMs is achieved using two sinusoidal references that are shifted
by 180 degrees and each microinverter leg has its own reference [39]. Unlike the bipolar
scheme, the unipolar scheme has four different operating modes during one grid cycle.
Also, different unipolar PWMs gates signals are shown in Figure 2.5 (c), (d), and (e).
Taking the standard unipolar modulation as an example of illustration as in Figure 2.7, it
is clear that the CM voltage pulsates between %2 Vpc and zero at the repeated transition
between mode (a) and mode (b). Also, the same voltage pulsation occurs at the terminals
A and B during the negative half cycle ((c) and (d) of Figure 2.7) resulting in large CM
noise. Hence, the leakage current generated by this modulation is relatively large because
the CM voltage is non-constant. According to [41], [42], unipolar modulation deteriorates
the CM performance of the system and causes a large amount of leakage current
circulation. On the other hand, unipolar modulation reduces the filtering requirements
because the frequency of the switching ripples is twice the switching
frequency [43], [44]. Additionally, during the positive half cycle, the filter inductors are
exposed to voltage variations between Vpc and zero and during the negative half cycle
between —Vpc and zero. This enables the usage of smaller filter inductors and hence,

reduces core losses [43].
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Figure 2.7: Standard Unipolar modulation operation modes [39]: (a) and (b) equivalent
circuits in the positive half cycle, (c) and (d) in the negative half cycles

2.1.3. Mitigation Methods

The effective methods to reduce the leakage current can be classified into two categories:
first one is to reduce the high frequency components of the CM voltage by disconnecting
the microinverter from the PV terminals during the zero level voltage generation in the
microinverter output (active switches modification); the second one is to bypass the CM
current and deviate it from the ground leaking loop with passive elements such as

capacitors (without active switches modification).

15



2.1.3.1. Elimination of Leakage Current with Active Switches Modification
The elimination of the leakage current with active switches modification is divided to:
v DC Decoupling Networks and
v AC Decoupling Networks
A. DC Decoupling Networks
a. Hb5 and H6 topologies

The H5 microinverter in Figure 2.8 (a) is a small variation of the 4-switch microinverter
topology which results in reducing the leakage current significantly. According
to [45], [46], an extra high frequency semiconductor switch located at the positive
terminal of the PV panel would reduce the leakage current. In addition, the extra switch
guaranties the disconnection of the terminals A and B during the freewheeling stages
from the PV parasitic capacitance (Figure 2.8 (a)). Note that, the freewheeling stages are
the operation modes where the microinverter output (Vag) is zero. Besides, the PWM
used with the H5 topology is similar to unipolar 111 except that the extra switch has a gate
signal that is equal to the summation of both high frequency switches gate signals
(Figure 2.8 (b)). Unfortunately, due to the fact that three switches are operating
simultaneously, conduction losses are high. In addition to higher conduction losses, the
losses are unbalanced; which results in less power density and burdened heat-sinks [25].
Also, due to the control strategy, reactive power flow is not possible [47]. Another
problem with the H5 microinverter is that harnessing MOSFETS intrinsic diodes is not
possible in the place of Sz and Sz (Figure 2.8 (a)) because of MOSFET’s body diode slow

reverse recovery issue [48]. On the other hand, a parallel diode must be connected with
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all MOSFETSs in the case of SiC switch usage because the reverse current of SiC
semiconductor MOSFETS never flows in the body diode [49]. Note that H5 is patented

by SMA company [50].
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Figure 2.8: H5 microinverter: (a) configuration and (b) PWM scheme [36], [45], [46], [47]

There are many adaptations that can be applied to H5 microinverter to further
balance the switching losses. For example, placing an extra switch at the negative
terminal of the PV would balance the switching losses with modified PWM [51]. The
extra switches S; and Se have a combination of the low frequency gate signal and the
high frequency gate signal (Figure 2.9 (b)). Nevertheless, the biggest drawback of this
type of H6 microinverter is that four of its semiconductor switches are in conduction

mode most of the time; hence, higher conduction losses [25].
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Figure 2.9: H6 microinverter (balanced losses): (a) configuration and (b) the PWM
scheme [51]

The principle of reducing the CM current with DC decoupling network
microinverters can be demonstrated by analyzing the operation modes of H6 as an

example (Figure 2.10). The significant reduction in the leakage current is because of

(b) (d)
Figure 2.10: H6 microinverter operation modes [51]: (a) and (b) equivalent circuits in the
positive half cycle, (c) and (d) in the negative half cycles
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disconnecting the terminals A and B from the parasitic capacitance that are causing the
circulation of the leakage current in the freewheeling stages (stage (b) and (d) in
Figure 2.10).

Authors in [52] suggested a method to reduce the conduction losses. Their
suggested method states that shifting Se of Figure 2.9 (a) to the bypass branch as in
Figure 2.11 would reduce the conduction losses because two switches are in conduction
during the negative half line frequency cycle. The leakage current performance of H6 or
the improved H6 is similar to H5 microinverter Nevertheless, the weakness of these
previous designs appears when the effect of the semiconductors junction capacitance is

taken into account.

VY Yy Vpc==

(@) (b)
Figure 2.11: Two possible topologies of H6 microinverter with reduced conduction
losses [52]

Precisely, the junction capacitance is in the range of several hundred picofarads to several
nanofarads [53]. According to [53]-[55], this junction capacitance contributes to the

leakage current due to parasitic resonance. As a result, new types of microinverters were
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introduced. These new types have the ability to reduce this parasitic resonance leakage
current and they are called Neutral Point Clamped (NPC) topologies. NPC DC network
decoupling microinverters types will be discussed further in the next subsection.

b. DC-Based Neutral Point Clamped
As mentioned earlier, the H6 microinverter or their modified versions lack the ability to
eliminate the leakage current produced by the resonance of the transistors junction

capacitance. However, [25] showed that splitting the DC-link capacitor into two
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(c) (d)
Figure 2.12: Existing DC-based Neutral Point Clamped (NPC) Microinverters: (a) Passive
Neutral Point Clamp (PNPC) Microinverter [57], [58] and (b) its PWM, (c) Active Neutral
Point Clamp (ANPC) Microinverter and (d) its PWM [55], [58]
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capacitors and inserting a clamping cell at the DC side would enhance the CM operation
of the H6 microinverter. After the clamping function is added to the H6 microinverter
leakage current would be very small. Additionally, as shown in Figure 2.12, the clamping
function can be done in two ways: active or passive. Paper [56], gives a generalized
approach for designing such NPC circuits. The Passive NPC DC-based decoupling
network microinverter uses the PWM shown in Figure 2.12 (b). The CM voltage is
constant at %Vpc. Hence, the leakage current RMS value would be very small. On the
other hand, the Active NPC DC-based decoupling network microinverter (Figure 2.12
(c)) CM voltage is almost constant except at the zero crossing of the grid voltage where
large voltage spike occurs and contributes to the generation of leakage current. Besides,
both NPC-based designs suffer from switching losses since two semiconductor switches
are operating at high frequency all the time. However, regarding the conduction losses
the Active NPC possesses less conduction losses compared to Passive NPC because only
one switch is operating at the grid frequency, whereas, in the Passive NPC two switches
are operating simultaneously at high frequency.

As an example of illustration, let us analyze the operation modes of the H6 Passive
NPC DC decoupling network microinverter (Figure 2.12 (a)). In this case, the CM noise
is constant at ¥2Vpc during all the operation stages because of the clamping diodes (see

Figure 2.13).
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Figure 2.13: H6 Passive NPC (PNPC) operation modes [57], [58]: (a) and (b) equivalent
circuits in the positive half cycle, (c) and (d) in the negative half cycles

B. AC Decoupling Networks

a. HERIC topologies
The Highly Efficient Reliable Inverters Concept (HERIC) is a well-known family of
transformerless inverters. In these topologies, reduction of the leakage current can be also
achieved by adding extra circuitry at the AC side of the microinverter. For instance,
inserting a bidirectional switch between the output terminals A and B would enhance the
CM performance of the microinverter [53]. According to [59], one IGBT in series with a
diode and their counterparts can be combined to implement a bidirectional switch. The

same configuration is realized with two anti-parallel IGBTs or full-bridge diodes with
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single IGBT. Unlike, the DC-based decoupling H6 microinverters two switches
maximally are in the conduction state at any operation mode of these AC-based
decoupling microinverters [25] (except HERIC-I11 three switches are in conduction in the
negative non-freewheeling stage [52] and HERIC-V three switches are in conduction in
all non-freewheeling stages [60]). Thus, the conduction losses are anticipated to decrease
compared to DC-based decoupling types.

Five configurations of HERIC microinverter topologies are shown in Figure 2.14.
The first three microinverters, HERIC-I (Figure 2.14 (a)), HERIC-II (Figure 2.14 (b)),
and HERIC-1II (Figure 2.14 (a)) are similar in operation and the CM noise is therefore
similar. HERIC-I design was introduced to use all MOSFET switches so the utilization of
the MOSFET body diode is possible. Also, avoiding series connection of bidirectional
switches in HERIC-I11 eliminates the need for PWM dead time. Additionally, HERIC-III
bidirectional switches (Ss and Se) location are modified to derive the active neutral point
clamped configuration which will be illustrated in the next subsection.

HERIC-IV bidirectional switch is designed by one MOSFET and four diodes and
has a switch operating at high frequency all the time. Thus, HERIC-IV has the highest
switching losses. Moreover, [61] used the same arrangement but with six switches. The
extra switch was placed in parallel to the fifth switch (Figure 2.14 (d)) in order to
distribute the switching losses and use a smaller heatsink. Finally, HERIC-V (Figure 2.14

(e)) is a combination of two half bridge microinverters [60].
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Figure 2.14: Existing HERIC topologies: (a) HERIC-1 [35] ,[36] ,[47], (b) HERIC-I1I [36],
(c) HERIC-I11 [52], (d) HERIC-IV [61] and (e) HERIC-V [60]
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The principle of leakage current reduction with AC-decoupling network
microinverters (HERIC) is providing an alternative path for the inductors current during
the freewheeling stages (stages (b) and (d) of Figure 2.15, taking HERIC-I as an
illustration example). Thus, maintaining the CM voltage at %Vpc during the whole grid

cycle.
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Figure 2.15: HERIC-1 operation modes [35], [48]: (a) and (b) equivalent circuits in the
positive half cycle, (c) and (d) in the negative half cycles

Even though, these microinverters’ performance, compared to DC-based
microinverters, has improved regarding the power losses, they still lack the ability to
eliminate the current that is produced by the resonance effect of the transistors’ junction

capacitance. Therefore, similar to what happened with DC-based Neutral Point Clamped
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microinverters, similar clamping topologies of AC-based microinverters were introduced
in the literature.
b. AC-Based Neutral Point Clamped

Further modification applied to AC-based decoupling microinverters to cancel the effect
of junction capacitance is achieved by inserting clamping cell to the microinverter. This
clamping cell would also reduce the unexpected high frequency component of the CM
voltage and further reduces the leakage current RMS value [25]. In addition, NPC AC-
based microinverters are expected to be more preferred since, as discussed earlier, the
efficiency of AC-based microinverters is superior to that of DC-based ones [25].
Furthermore, the AC-based microinverters proved to be more cost-effective compared to
the DC-based microinverters [25]. Similar to DC-based decoupling network
microinverters, the clamping cell can be produced either by active switches or diodes.
Therefore, the previously proposed HERIC microinverters can be modified to implement
HERIC NPC microinverters (Figure 2.16). As shown in Figure 2.16, four different
topologies of HERIC microinverters are modified to achieve Active or Passive NPC
microinverter. Notice that the Active NPCs, here, are using a similar clamping function
of the T-type or Coenergy inverters [62]. Furthermore, the PWM applied with the
Passive-NPC HERIC types in this section are the same as the non-neutral point clamped
types. On the other hand, the extra switches that are deployed for the active clamping
function use low frequency gate signals. Specifically, switch S7 is shorted during the

positive half cycle and Sg switch gate signal is complementary to Sy.
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Figure 2.16: Existing HERIC Neutral Point Clamped microinverters (a) HERIC-I Passive
NPC [25], (b) HERIC-IV Passive NPC [25], [53] (c) HERIC-1I Active NPC , and (d)
HERIC-111 Active NPC

Here, the leakage current elimination methodology is similar to HERIC designs. The only
difference is the usage of clamping cells to assure that the CM voltage is kept constant at
Y%Vpc during the freewheeling stages and provide an alternative path for the inductors
current. As an example of illustration, let us study the operation modes of HERIC-I
Passive NPC of Figure 2.16 (a). The corresponding operation modes, shown in
Figure 2.17, are expected to generate insignificant leakage current level. Specifically, for
stage (b) and (d) of Figure 2.17, the clamping diodes maintain constant voltage drop on

each split capacitor; consequently, the CM voltage is constant during all operation modes.
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Figure 2.17: HERIC-I Passive NPC microinverter operation modes [25]: (a) and (b)
equivalent circuits in the positive half cycle, (c) and (d) in the negative half cycles

2.1.3.2. Elimination of Leakage Current without Active Switches Modification

The publications [44], [63], [64] showed that the leakage current could be bypassed by
introducing a CM conducting path to the microinverter without using extra active
switches. Additionally, this reduction in the number of active components enhances the
reliability and the lifetime of the system [63], [64]. Specifically, [63], [64] designed an
LC filter to eliminate the leakage current. Similarly, [44] used an LCL filter to reduce the
leakage current and more complex filters are possible to reduce the leakage current such
as LLCL configuration [65]. The authors of [44], [63], [64] used 4-switch full-bridge
topology with standard unipolar PWM. In [63], [64] the LC filter used is split into two

identical parts and the negative DC terminal is connected to the midpoint of the two split
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capacitors of the LC filter to provide a conduction path to the CM current (Figure 2.18).
The differential mode is not affected because of the symmetrical filter
configuration [63], [64]. Nevertheless, connecting the midpoint of the two output split
capacitors to the midpoint of the two series DC-link capacitors would also reduce the
leakage current [44], [65]. Unlike, the leakage current mitigation techniques with active
switches modifications, reactive power flow is possible with the configuration in
Figure 2.18, because of standard unipolar modulation usage. This is crucial because grid-
tied PV systems with a rating below 3.68kW must attain Power factor (PF) between 0.95
leading and 0.95 lagging to improve the grid voltage stability [66], [67]. Additionally,
using the microinverter in VAR mode at night would be difficult because precharging the
DC-link capacitor from the grid requires the freewheeling diodes to operate as full-bridge
rectifier [68], and this is difficult with the modification applied to mitigate the leakage
current in the methods suggested by adding extra active circuitry [67].

The analysis is little different than subsection 2.1.1. For example, with this
mitigation method, the parasitic elements of the grid are not neglected. The grid parasitic
elements are the negative grid terminal resistance (Rg), the positive terminal grid
inductance (Lgz) and the negative terminal grid inductance (Lg2) as in Figure 2.18.
However, the EMI filter and Zs.ca are neglected as in the previous analysis in

subsection 2.1.1 which leads to the simplified CM equivalent circuit of Figure 2.19.
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Figure 2.18: Transformerless PV microinverter configuration with parasiti_c elements
representation and the CM filter [63], [64]
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Figure 2.19: CM equivalent circuit of the microinverter with the CM filter (midpoint of the
two output split capacitors is connected to the negative DC bus)

Effective reduction in the ground leaking current is expected even with the standard

unipolar modulation that has the worst CM performance. The additional two split

capacitors provide a low impedance path to the CM current. Specifically, the aim is to
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reduce ig (Figure 2.19). In more details, iz is determined in (2.10) by current division

rule and neglecting the ESR of all the inductances and capacitances.

i =i ZCol//ZCoz
£ o ZCol//ZCOZ + vag+//vag— + ZLgl//Zng + RE

(2.10)

Since i, is at the switching frequency, then most of the CM current will flow at the
higher capacitance branch. Meaning that, the split capacitors provide an easier path for
the CM current and i, > ig. For instance, a capacitor in range of micro-farads would be
sufficient to reduce the ground leaking current (since the parasitic capacitances of the PV
panel are in the range of several nano-farads). Nevertheless, the parasitic element of the
grid must be taken into consideration.

The ground leaking current would be small with stiff AC grids. This is due to the
fact that Ry is large in the range of 10Q to 15Q [18], [63], [69], [70]. It further increases
the impedance of the ground leaking current loop and most of the current is bypassed by
the split capacitors. On the other hand, with weak grids, the Ry is unpredictable [63].
Considering the worst case scenario, when the point of resonance occurs between the
Zpvg+! [ Zpvg— aNd Z145//Z, 4, at the switching frequency, the ground leaking loop
would possess low impedance path. Consequently, the ground leaking current would be
significant. In this case small CM choke can be installed to shift the point of resonance at
the switching frequency of the ground leaking loop. This CM choke is small in size
because of the high frequency operation. According to [63], in extreme cases, grounding
the frame of the PV panel through a small resistance would be effective in reducing the

leakage current.
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On the other hand, considering the configuration that connects the midpoint of the
two split capacitors to the midpoint of the two series DC-link capacitors as in

Figure 2.20 [44], [65].

I.(’UI i -
] ie
("h vem Coz L Coz Re 2 \I/
f(\L ESRc,;% %ESRC
2Cbu.)' 2( bus
Cis
ESR:c ESR:c.. ”""’*
L
L1
Cpre- =

Figure 2.20: CM equivalent circuit of the microinverter with the CM filter (midpoint of the
two split capacitors is connected to the midpoint of the two series DC-link capacitors
(Cbuszzcbus"'zcbus)

The performance regarding the leakage current reduction is slightly worse in the
configuration that connects to the midpoint of the two output split capacitors to the
midpoint of the two series DC-link capacitors compared to connecting to the midpoint of
the two output split capacitors to the negative DC bus terminal. This is because the CM
bypassing branch has lower capacitance in Figure 2.20 compared to Figure 2.19.
Nonetheless, i.is still always greater thanig; thus, the ground leaking current is

insignificant.
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2.2. Double Grid Frequency Power Ripples Review

This subsection explores the connection between the double grid frequency power ripples
in single phase systems with the size of the DC-link capacitor. Specifically, elaboration
on the 2" order harmonic ripples generation phenomena will be presented along with the
mitigation methods. Besides, only transistorless schemes will be reviewed because many
possible solutions exist for decoupling these power ripples in the literature. All these
solutions in [71] use extra active switches and energy storage devices. Therefore, it is
crucial to provide a transistorless technique to eliminate the power pulsation because the
reduction in the number of active components enhances the reliability and the lifetime of

the system and this is one of the thesis objectives.

2.2.1. Double Grid Frequency Power Ripples and DC-Link Capacitor Size
When the injected current into the grid by the microinverter is sinusoidal; the single-
phase instantaneous power is composed of an average term with an additional double

grid-frequency pulsating term as in (2.11):

pac(t) = L2 cos(p) + cos(2(2nfy )t ~ ) @11)
Where Vg is the peak grid voltage, lq is the peak grid current, f, is the nominal grid
frequency and cos(p) is the power factor. Assuming that the power factor is unity the
instantaneous power is as in (2.12):

Yly
2

Pac(t) = + % cos(2(2nf,)t) (2.12)
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The power that is drawn from the PV panel is governed by the MPPT and it is kept
constant at Prv= Ppc. Additionally, ignoring losses in the conversion stages the PV panel
power is equal to average AC output power Ppy= Pac. Graphing the AC instantaneous
power injected into the grid and the DC instantaneous power delivered by the PV panel

would indicate why a capacitor is needed (Figure 2.21)

Py
A Pac(?) Delivered
Energy

Ppc(?)

Stored
Energy
{

Figure 2.21: Instantaneous power in the system and the total power processed by the
decoupling capacitor

The double grid frequency power pulsation affects the PV system performance. For
instance, these power ripples affect the MPPT algorithm because it makes the voltage and
current measurements time varying; therefore, power ripples reduce the efficiency of the
MPPT controller. Nevertheless, the classical solution to minimize the pulsating power is
to use large unreliable electrolytic capacitors [71], [72]. Besides, the value of the

decoupling capacitor capacitance can be determined by calculating the amount of energy
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that is needed to be stored. In more details, finding the area of the shaded region that
represents the energy stored in the DC-link capacitor during half of the grid cycle

(Figure 2.22) would lead to finding a relation between the required DC-link capacitor size

and ripple content.

P(y)

A Pac(1)

Ppc(t)

Figure 2.22: AC-side power (output power) and DC-side power (PV side power)
waveforms

So the energy stored in the DC-link capacitor during half of the grid cycle is:

% Ve(max)
B, . =2 j (Poc() = Pac(©) dt = Coe_tink f v, dv
0

Vc(min)

T, A Cpe—ii
ZOPDC - f %sinz(ZHfot) dt = Dczlmk (Ve(max)? — V.(min)?)
0

Since Ppy = Ppe = ngﬁ ; then the value of the DC-link capacitor is:
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C = Yol (2.13)
be=link = o £, (Ve(max)? — V. (min)?) '

Also, it is known that the maximum and minimum capacitor voltages (V.(max) and

Vc(min) ) can be expressed as:

Ve(max) =V, (DC) + % (2.14)
V.(min) = V,.(DC) — % (2.15)

Inserting (2.14) and (2.15) in (2.13) results in the following equation for the DC-link

capacitance:

o Ppy
be=link = o1 £ V-(DC) AV,

(2.16)

Where Copc.ink is the decoupling DC-link capacitor capacitance, Ppy is the PV input
power, Vc(DC) is the DC voltage level across the DC-link capacitor and AV, is the
maximum allowable peak-to-peak voltage ripples across the DC-link capacitor.

Moreover, plotting AV. as a function of the Cpc.ink for 600W H-Bridge type
microinverter that is synchronized with 240Vrms/50Hz grid shows clearly the issue of the
DC link capacitor size. Thus, to have an acceptable level of voltage ripples the DC-link
capacitor value is in the range of mF (Figure 2.23); hence, making the adoption of
reliable polypropylene film capacitor impossible at the DC side since mF range film

capacitor is extremely expensive [26].
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Figure 2.23: The DC-link voltage ripple vs. the DC link capacitance value for the 600W H-
Bridge microinverter (The y-axis is in logarithmic scale)

2.2.2. Input Capacitance Reduction Methods and Power Decoupling Control

2.2.2.1. Differential Microinverter Configurations

Generally, transistorless power decoupling techniques can be realize with any
configuration that includes two capacitors in the AC output loop; because the location of
decoupling the 2" order power harmonic is in the two output capacitors instead of the
classical DC-link capacitor. Therefore, any differential inverter or microinverter

configuration is suitable to decouple the second order power ripples. Specifically,
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differential inverters or microinverters are realized by connecting two elementary DC-DC

converters differentially with the utility grid as in Figure 2.24.

r 1* DC/DC L

' Converter ol

i

r oL
Vbc T :::'"Cnc-ﬁnk VQ@

i

2™ Dc/DC 1

: Converter T Co2

Figure 2.24: General differential microinverter configuration

And the existing differential microinverters are the following (Figure 2.25):

1% Buck-Boost Converter 2" Buck-Boost Converter st nd f
1" Buck Converter 2" Buck Converter 1% Boost Converter v 2" Boost Converter

+
VDC T

Lot

5

—|— Coz _|_ C, _|_ C,

ol

(a) (b) (c)
Figure 2.25: Existing differential microinverters: (a) Buck-Boost type, (b) Buck type and
(c) Boost type

To illustrate how the power decoupling scheme works and how it reduces the input

capacitance requirement. Investigation of the conventional differential Buck
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microinverter (Figure 2.26) operation is discussed and then the power decoupling scheme

is illustrated.
Ipc
L L
Icpvg+
Sl — S3
e S 53
I Vg L
Voo =t Coc_link—— A b (- 2 [NVN‘Z B
Iz Lz + R: Ie2 ]
Ve jLeakage Coz

+ iz
Lo | =53 "7 [ =3

Figure 2.26: Differential Buck microinverter (with grid parasitic elements and the PV
terminals stray capacitances)

2.2.2.2. Differential Buck Microinverter Operation

The task here is to find an expression for the instantaneous voltages across the two output
capacitors and the instantaneous DC current drawn from the PV source. Therefore,
applying KVL at the loop of the common coupling terminals of the microinverter with the
grid as in Figure 2.27 will serve the purpose. Note that, iiLeakage iS at the switching

frequency and it is very low; so it can be assumed to be zero in the analysis.
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Coo== vi;  lpeakage

Figure 2.27: Microinverter point of common coupling with the grid loop

In normal operation, the K\VVL is in (2.17):

Ve1 = Vi — Vi, —Vg— V=0 (2.17)

Since Lg1 and Ly are small; ngland vy, are small compared to other voltages in

(2.17) [73]. Therefore, (2.17) is approximated to be (2.18):

Vo1 —Vg— V2= 0 (2.18)

According to [73], [74], the voltages across the two output capacitors are given in (2.19)

and (2.20):
% v
Veg = _gc + 7g (2.19)
V %
Vep =5 (2.20)

Where vy is equal to Vgsin(2zfot) and Vpc is the DC-link voltage. Now to derive a term for
the supplied DC current; knowing that the instantaneous input power is equal to the
microinverter output loop power including the output capacitors instantaneous power as

in (2.21):

POy +PO, +r®), = P(Op (2.2)
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Therefore, the general term of the DC supplied current when Co1=Co2=C and unity power

factor is expressed in (2.22) [73], [74] :

. Vgl V, 1
ipc = 2?/;c+ ﬁ\/lgz + Z(Znﬁ,)ZCZVg2 cos[2(2rf,)t + 0]

(2.22)

oC
Where 6 = tan‘l("fI—Vg)
g

Notice in (2.22), without any power decoupling control the supplied instantaneous
current is composed of two frequencies: one at zero frequency and another term at 2f,.
The second order ripple is the unwanted term — classically decoupled with large DC-link

capacitors- and needed to be decoupled with control techniques.

2.2.2.3. Basic Power Decoupling Technique
The basic idea that can be applied to decouple the 2" order power ripples is to force the
instantaneous power on the two output capacitors to have a term that cancels out the

double power ripples.

_ Ve N Vgsin(anot)

Uc1 2 2 + vinject (223)
1% V,sin(2rf t)
Ve2 = ZDC — 2 2 Vinject (2.24)

In other words, injecting voltages to the two filter capacitor as in (2.23) and (2.24) by
circulating some CM current that satisfies the differential equation (2.25) would

successfully decouple the power ripples.

ey = — @COS(Z(ZTl’fo)t) (2.25)

dv,,
F el = T

Vc1Co1 ar
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(2.25) is solved theoretically in the literature when Co1=Co2=C and Vinject have the form of

(2.26) after compensating the 2" order power ripples [63].

= |- a2 Y o2z oy a Ve (2.26)

Where A is an arbitrary constant that makes the term under the root to be positive.
However, the solution obtained for vinject has not only second order harmonics but also
multiple even harmonics. Meaning that, compensating the 2" order power ripples results

in injecting extra unwanted higher order even harmonics [73].

2.2.3. Power Decoupling Schemes in Differential Microinverters

Even though, the theoretical transistorless power decoupling analysis seems to be
straightforward. However, the application of this methodology faces multiple issues and
many factors need to be considered. For instance, there is a limitation on the two output
capacitors voltage that depends on the differential microinverter topology as in
(Table 2.1). In addition, some proposed controls in the literature to mitigate the power
ripples use capacitors voltage reference estimation that makes the control scheme rely
highly on the system parameters and not autonomous, such as, the control scheme
proposed in [75]. Another author suggested a control scheme that is autonomous based

only by forcing the high frequency contents of the supplied DC current to be zero [76]
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Table 2.1: The two output capacitors voltage limitation with different configurations

Capacitors output voltage limitation Inverter type
0< Veo < VDC
0 < vey Buck-Boost
0 < v
Vb < Vex Boost
Vbe < Vez

However, they overlooked the nonlinearities in the DC current loop this makes their
method unreliable with Boost type or Buck-Boost type [77]. Also, the control scheme
purposed in [63] depends highly on estimating the inductors current of the two buck
converters. Figure 2.28 shows two of the proposed power decoupling control schemes
from the literature. Both control schemes shown in Figure 2.28 estimate two duty cycles
to inject a sinusoidal current into the grid and eliminate the power ripples. Specifically,
the addition of the Differential Mode duty cycle (dowm) to the Common Mode duty cycle
(dcwm) gives the duty cycle of the first converter (S1 & S2). On the other hand, the
subtraction of dom from dcwm gives the duty cycle of the second converter (Sz & Sa). Note
that the duty cycles here are sinusoidal references. The modification of the control
(Figure 2.28 (a)) compared to (Figure 2.28 (b)) is that the CM duty-cycle is estimated
using the ripples of the DC supply current. Specifically, forcing the ripple content of the
DC supply current to be zero with Proportional Resonance (PR) controllers. These PR

controllers are tuned at at 2f, and 4f..
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Figure 2.28: EXxisting transistorless power decoupling control schemes: (a) autonomous
control scheme [77], and (b) non-autonomous control scheme [63]

The benefit of the controller (Figure 2.28 (a)) is that the ripple content of DC
supply current reference is zero; consequently, no complex calculation needed to estimate
the reference for the CM controller. On the other hand, the CM controller in Figure 2.28
(b) needs to compute the required CM current reference after estimating the required CM
injected voltage to the two output capacitors with equation (2.26). However, the control
scheme in Figure 2.28 (a) needs complex feedback linearization in case it was used with
the differential Boost type or Buck-Boost type. Nevertheless, both control schemes must
be modified when considering realistic mismatch between the two output capacitors. In
other words, if the two output capacitors have different capacitances the control scheme
needs to be adjusted. Fortunately, paper [78] analyzed the power decoupling control in

Figure 2.28 (a) for a differential Buck inverter with intentional mismatch between the two
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output capacitors; they suggested that both the CM and the DM PR controllers must be
tuned at f,, 2f,, 3f, and 4f, would successfully decouple the 2" order harmonic power
ripples. Notice in Figure 2.28 the grid voltage is feedforwarded after the f, PR controller;
the purpose of the feedforward is to treat the grid voltage as a disturbance and improve

the control scheme stability in case the inverter is connected to a weak-grid [79].
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Chapter 3 : Comparison Study

In this chapter, a comparison study will be conducted to evaluate the performance of the
different existing microinverter configurations regarding two aspects: (i) the amount of
the circulating leakage current and (ii) the possibility to decouple transisorlessly- without
any additional semiconductor switches and energy storage devices- the 2" order power
ripples. The comparison is based on PSIM software with these parameters shown in

Table 3.1.

Table 3.1 Parameters used in the study of the leakage current

Vbe: Vy fo fs
120vV2 V 120 Vrms 50 Hz 16 kHz

Cpvg-=Cpvg+ Chbus= Cbc-Link Co* Li=Lo Po
1.5nF 3mF 60 pF 0.85 mH 600 W

*L.C common mode current elimination filter Co/2= Co1= Co2

3.1. Conventional Configuration with Different PWM Schemes

Simulation

As expected in the literature review, the simulation of the conventional 4-Switch
microinverter configuration with the different PWM schemes (Figure 2.5) in PSIM;
showed that the bipolar modulation (Figure 2.5 (b)) has low leakage current circulation
but as discussed earlier that it possess very high losses. Also, the size of the filter is large
because the ripples in the output current are around fs and not 2fs as in any unipolar

modulation. On the other hand, all unipolar modulations (Figure 2.5 (c), (d) and (e))

46



leakage current is large. Unipolar modulation deteriorates the CM performance of the
system and causes a large amount of leakage current circulation because of the zero level
voltage in the microinverter unfiltered output. Figure 3.1 shows the circulation leakage

current of the different PWM schemes with the 4-Switch microinverter:

|_Standard_Unipolar |_Unipolar_lll |_Unipolar_ll |_Bipolar

06 IBipolar (rms) = 4.31 mA 2, Ttnipolarn (Tms) = 112 mA

ILeakage (A)

08 ”
Istundard Unipolar (TIS) = 190 WA~ Fonipotarm (Yms) = 118 mA

0 0.01 0.02 0.03 0.04
Time (s)

Figure 3.1: Existing 4-Switch microinverters leakage current with different PWMs in PSIM

3.2. DC-Based Decoupling Network Type Simulation

The leakage current reduction with DC decoupling network micrionverters (Figure 2.8
and Figure 2.9) is based on disconnection the parasitic capacitance from the
microinverter during the zero level voltage generation. Nonetheless, it turns out that it is
not enough to eliminate the leakage current completely because of the transistor junction
capacitance resonance phenomena. Hence, NPC types were introduced (Figure 2.12). As

expected the leakage current with H5 and H6 is reduced compared to the unipolar
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modulation but their NPC configuration reduces the leakage current significantly
(Figure 3.2). However, the conduction losses are high because in three of these

configuration since four switches are in conduction mode.

|_H6 I_H5 |_.H6_PNPC_DC_Decouple_Netweork

i i "H',._ e _,_‘LH!,__!; (i

ILeakage (A)

Y PR ud bt

0 0.01 0.02 0.03 0.04
Time (s)

Figure 3.2: Leakage current generated by different DC-decoupling network microinverters

3.3.  AC-Based Decoupling Network Type Simulation
The AC decoupling network topologies reduce the leakage current by disconnecting the
microinverter from the PV source during the zero voltage level generation at the AC side.
These topologies (Figure 2.14) often called HERIC because of its high efficiency
compared to the DC type since 2 switches are maximally in conduction state during all

the operation modes. However, the lacked the ability to eliminate the leakage current due
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to transistor capacitance resonance; thus, NPC types were introduced (Figure 2.16). The

leakage current RMS value is less than 2.5mA with the HERIC NPCs (Figure 3.3)

I_HERIC IV I HERIC IV ( I HERIC I PNPC [_HERIC I ANPC I_HERIC_I_ANPC

|RM$(HERIC-I,Il,andIII)= 16.88mA

0.08

Inms(vency)= 16.87mA IRMS‘HMWF 16.94mA

i

004 |-ipph :
(1 |

If cakage (A)

0.03 0.04

Time (s)

Figure 3.3: Leakage current generated by different HERIC (AC decoupling network)
microinverters

3.4. LC CM Filter Simulation
This method does not require any extra active switches to reduce the leakage current.
Here the CM current is bypassed and circulates back to the negative terminal of the
microinverter making the amount of the leakage current insignificant. The simulation

showed a significant reduction in the circulation leakage current less than 1mA as in

Figure 3.4.
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Figure 3.4: Leakage current with LC CM passive filter compared to the conventional H-
bridge microinverter with standard unipolar modulation

3.5. Comparison Study Conclusion

The CM operation of the different transformerless microinverter topologies simulated
with PSIM software under the same technical and loading conditions showed that the
family of NPC microinverters has the lowest leakage current circulation. Even though the
bipolar microinverter has very small leakage current, it is not practical to use since its
output exhibits high filtering requirements and high losses. Additionally, the methods to
reduce the leakage current are classified into DC-decoupling networks, AC-decoupling
networks, and CM current filtering. It was found that the AC decoupling networks
(HERIC) possess lower losses. Therefore, the best performing microinverters regarding

leakage current reduction and efficient operation are the HERIC NPC types. Figure 3.5
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shows the vast differences between various topologies’ leakage current RMS values

simulated under exactly the same technical and loading conditions (Table 3.1).

Leakage Current RMS Vs. Topology

60 -

Leakage Current

-y
o

[
o
|

o
I

th
18! Unipolar 17tthnipo|arIII 16% Unipolar Il 15’% H6 14ﬂ‘ H5

th th
13 B HERICIV 12 H HERICI 11”‘ HERICII 10thl HERICIII 9thl HERICV
Sthl Bipolar 7thl DC-ANPC 6thl HERICIV PNPC Sthl DC-PNPC 4th HERIC | PNPC

3rdunericiiaNee 2"m HericIANPC T3 Unipolar with CM filter

Figure 3.5: Ranking of topologies based on their leakage current RMS values

Even though the leakage current reduction methods using active circuitry are found to be
useful, their operation under non-unity power factor is problematic. In other words,
injecting or absorbing reactive power to or from the grid is difficult due to their control
strategy. However, the most recent results obtained using the special LC filter to reduce
the ground leaking current provided the lowest leakage current circulation with the

noisiest type of modulation while reactive power flow control is also possible.
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Specifically, the leakage current can reach values below 1mA with the LC CM current

bypass filter.

3.6. Topology Modification to Eliminate the Power Ripples

As mentioned earlier, any configuration that includes two capacitors in the AC output
loop could decouple the 2" order power ripples transistorlessly. In addition, since the
results of the simulation showed that HERIC NPCs are the best regarding the leakage
current mitigation; modifying their configuration to make the configuration able to
decouple the power pulsation transistorlessly possible would be beneficial. However,
modifying their output filter so transistorless power decoupling techniques can be
applicable would be useless; since the extra two capacitors that must be placed to
decouple the pulsating power would also deviate the most of CM current from the ground
leaking loop and all HERIC NPCs would transform to a configuration similar to the
differential buck microinverter after cancelling the useless bidirectional switch between
point A and B and the clamping cell (Figure 3.6). In other words, the power decoupling
capacitors addition to the HERIC NPCs or even the DC-based NPCs transforms the
microinverter to the differential buck configuration that is discussed in details in
subsection 2.2.2. Moreover, the differential buck would be the best choice to decouple

the power pulsation and reduce the circulating leakage current.
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Figure 3.6: Power decoupling output capacitors addition to the HERIC NPC types and its
equivalent configuration
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Chapter 4 : Design Methodology

The evaluation of the different configurations based on the simulation showed that the
differential buck microinverter has the lowest leakage current circulation and it is capable
of decoupling the second order power ripples with the minimum number of switches.
However, power decoupling scheme of this configuration is well discussed
in [63], [64], [76], [77], [78] but with LC output filter and without resonance damping
consideration. Thus, this thesis the leakage current and the switchless power decoupling
techniques in differential buck microinverter are explored with these two control
schemes:

1)  passive resonance damping and

i)  active resonance damping.
The differential buck configuration is selected because autonomous power decoupling
scheme with the differential boost or buck-boost needs complex feedback
linearization [77]. Also, any other differential configuration such as Cuk or SEPIC
makes the system order high and complicated. Besides, when the grid side parasitic
inductance is considered the differential buck can be viewed as an unstable LCL filter
because of the resonance peak [79]. Figure 4.1 shows the differential buck configuration
with LCL filter used in this study and Table 4.1 indicates the rating of the configuration
and the utility grid type.

Table 4.1: Parameters used in the modeling and design stage

VDC vg fo fs Po
400 V 240 Vrms 50 Hz 30 kHz 600 W
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L,

Figure 4.1. The differential buck configuration with LCL filter
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Chapter 5 : Modelling and Microinverter Control

This chapter is divided into two sections: (i) Differential buck with passive resonance
damping control and (ii) Differential buck with active resonance damping control. Each
controller is composed of an outer voltage regulation loop and two inner parallel loops to
decouple the power ripples and inject a sinusoidal current into the grid. However, there
will be no elaboration regarding the outer voltage regulation loop since it is elementary
and could be regulated with simple Pl controller as suggested in [80]. Similarly, there

will be no elaboration on single phase PLL as it is well described in [81].
5.1. Differential Buck with LCL Passive Resonance Damper

5.1.1. Filter Design
In the differential mode (DM) the symmetrical LCL filter with the differential buck
configuration (Figure 4.1) can be redrawn to show the detailed DM model as Figure 5.1.

Also, the parameters in Figure 5.1 (b) are derived as shown in Table 5.1.
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Figure 5.1: Differential Buck LCL filter equivalent circuit in the DM: (a) detailed DM
model and (b) simplified model

Table 5.1: Differential Buck with LCL equivalent parameters in the DM

Parameters
C,1 C
Ly =Ly + Ly C, = _~ol o2
Col + Coz

Rf = RL1 + RLZ R:i = RCoi + RCoz + RDamping

_ . i, —iL )
Lg = Lgl + ng liny = 1 2 2 and lg

Ry = RLQ1 + Rng Viny = Vap = Vg — Vg and v = v, — Vg,

*Ryq includes the ESR of the two capacitors and additional damping resistor that could be added to avoid the

resonance phenomena with LCL filters
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Applying superposition principle; two transfer functions exist for the injected grid

ig (s)
Vinp(s)

current, ig. Specifically, the transfer function G,(s) = is given in (5.1) and the

ig(s)

transfer function G, (s) = vg(s) is given in (5.2).
g
_ ig(s) _ iiny (s) ig(s) _
Gl (S) B Vinv(s) B Vinv(s) iinv(s) when Ug(S) =0
3 SC,Ry + 1 (5.1)
T $3C,LeLy + s2Co(LRy + LgRy + LiRy + LyRy) + s(Ly + Ly + CoR4Ry + Co,RqRy + CoReRy) + Ry + Ry
i (s) 1
G,(s) = V“’ﬁ = - when v;,,,(s) = 0
g ota
(5.2)

_ s2L;C, +5C,(Ry + Ry) + 1
s3C,LiLy + 52Co(LiRg + LyRq + LiRy + LyRy) + s(Ly + Ly + C,RqR; + C,R4Ry + C,RfRy) + Ry + Ry

From (5.1) and (5.2) it is obvious that the grid current (i,) depends on the microinverter
output voltage (v;,,,) and the grid voltage (v, ). Nevertheless, grid connection standards
allow harmonic distortion introduced by the grid voltage. As a result, the LCL filter
design considers only (5.1) as the filter transfer function. Also, the filter must attenuate
the first switching harmonic that appears in the grid current spectrum to less than 0.3% of

the rated current. Precisely, the first switching harmonics that appears in the grid current

is 2m; — 1 because it is a unipolar modulation; where m, =’;i—‘” is the frequency

o

modulation index. The consideration that must be taken into account when designing the
LCL filter can be summarized in the flowchart in Figure 5.2 based on the guideline

provided in [82], [83]:
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Input Data
Pol.fal Vg/ VDlesw

;

Calculate the Base Inductance
Lgase =ng/ (2rf,*P,)

v v

Select Aig(max) to set C01>2Pa/(2nfa *Vcl (average) *A Vcl)

Lf =[0. 25 *VDC]/[fsw * Aig(max)] c02>2Po/(2nfo *ch{average} *A ch)
And C,=0.5%C,;=0.5%C,,

g

Select L, such that
Li+Ly< 0.1%Lggse

No

Check if
10f0<f’es<fsw/2
fres= [ V(Lg+’-f)]/ [2n l/(’-gl-fco)]

Select the Damping Resistor
RDamping =1/ an resCo

Figure 5.2: Flowchart for LCL filter with Differential buck parameters selection

Figure 5.2 is slightly modified compared to the conventional LCL filter flowchart
of [82], [83]; specifically, the selection of the output capacitor C, is based on the

minimum allowable ripples in the two output split capacitors Co1 and Co2. The average
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voltage of the two capacitors is VCl(avemge) = ch(avemge) = %VDC and the minimum

ripple is equal to AVci= AVc2=Vpc so power decoupling can be achieved successfully.

Moreover, Table 5.2 summarizes the overall LCL filter parameters that are selected.

Table 5.2: Selected LCL filter Parameters

L=Litl:  Lg=LgitLg Co=C01/2=Cq2/2 Rs=Rg1tRg2  R=Ru1+RL2  Ri=Rco1+Reo2+Raamping

2mH 0.1mH 60uF 24mQ 26mQ 3.4mQ +0.8Q

Note these values are selected based on actual existing components; each component

datasheet is attached in the appendix.

5.1.2. Controllers Design

The microinverter is controlled through 3 controllers: DM controller to inject a sinusoidal
current into the grid, CM controller to decouple the 2" order power harmonics at the AC
side and DC-bus voltage regulation controller that estimates the reference current.
However, PLL and DC-bus regulation are not discussed. Therefore, this section is
divided into three subsections (i) DM controller, (ii) CM controller and (iii) Overall

control.

5.1.2.1. DM controller
Prior to the design of the DM loop compensator; the plant model of the microinverter in
the differential mode must be derived. Combining (5.1) and (5.2) gives the expression in

(5.3) for the injected grid current in the Laplace domain.
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ig(s) = G1(S)Vinp(s) + GZ(S)vg(S)

s2LCo +sCo(Rg + Rf) + 1 ®3)

SCORd +1

ig(s) = Gl(s) [vinv(s) - Ug(S)

S2LfCo+sCo(Ra+Rf)+ 1

SCoRg + 1 is unity and its phase is zero at s=j2xf,

Since the magnitude of the term

the extra term that is multiplied by the grid voltage can be approximated to be 1. As a

result, the grid current equation (5.3) can be approximated as in (5.4):

ig(s) = G1(5)[Viny(s) — vg(s)] (5.4)

Then, the DM controller block diagram is shown in Figure 5.3

DM Controller DM Plant

Gc_dm(s) Gl(S)

Figure 5.3: DM controller and the microinverter DM plant

Since the current injected into the grid is sinusoidal; Pl controllers are incapable of
tracking sinusoidal references without steady state errors [84], [85]. Nonetheless,
Proportional Resonance (PR) controllers are introduced to track non-DC components
efficiently since they produce an infinite gain at a specific resonance

frequency [84], [85]. The transfer function of the PR controller is shown in (5.5).
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Gpr(S) = kp + kg W (5.9)
Where kp is the proportional gain, kr is the resonance gain and fo is the nominal grid
frequency. Note that in (5.5) only one resonance controller gain is considered and the
addition of extra resonance controllers at different frequencies such as 3 or 5" harmonic
is possible to eliminate these harmonics [81]. Nevertheless, the ideal PR controller (5.5)
causes instability because of its infinite gain and infinite bandwidth [86]; therefore, non-

ideal PR controllers are adopted as in (5.6):

S
Ge_am () = Gpr (non-idear)(S) = kp,, + Kryyp s2 + 20(2nf,) s + (2nif,)? (5.6)
) 0

Where ¢ sets the bandwidth around the AC fundamental frequency usually set to be
0.001 [86]. Also, the non-ideal PR controller is realizable by digital systems [84].

Simple manipulation could be done to derive the closed loop transfer function of the
system in Figure 5.3 and show how to avoid grid voltage feedforward. Specifically,
modifying the system in Figure 5.3 to be as in Figure 5.4 shows that the grid current is

expressed as in (5.7):

Gc_dm (S)Gl (5) —v (S) 1
1+ Gc_dm (s)G1(s) g Gc_dm (s)

iy(s) = ig (s) (5.7)
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DM Controller

Uz
]
1/Gc am(S) DM Plant

I/I.II |4

G1(S)

Gc_dm(s)

A 4

Figure 5.4: Modified DM control

Now if the controller gain G 4,,(s) is infinity at the fundamental the term that is

Gc_dm(s) G1 (s)

multiplied by igef(s) (1+GC dm(s)Gl(S)) will reach 1. On the other hand, the grid voltage

1
Gc_dm(s)

disturbance multiplication term will reach zero and (5.7) will be as (5.8) in case of

high controller gain:

iy(s) = ig (s) (5.8)

In other words, the grid voltage feedforward is not necessary and it is neglected. The PR

compensator parameters can be obtained using (5.9):

T6) = Gean(I61() = Koy + Kt 57T 503075 5 @Y

*( SCng +1 ) (59)

$3CoLeLy + s2C,(LiRy + LyRy + LpRy + LyRp) + s(Ly + Ly + C,R4Ry + CoR4Ry + C,R;R;)+ Ry + Ry

Table 5.3 indicate the controller gain to yield -180° phase margin and unity gain
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Table 5.3: PR compensator parameters

Kpim KRy (fo) ¢
3 20000 0.001

*Non-ideal PR controller factor [86]

5.1.2.2. CM controller
As discussed in the literature review section that the CM controller works independently
from the DM controller. This can be illustrated by observing the DM voltage and the CM

voltage on the two capacitors Co1and Coz of Figure 4.1 (a) as in (5.10) and (5.11):

Vi
vCl(t) Ve2 (t) = [_ +— (dcm + ddm)] [_ + LC (dcm ddm)] = ddiDC
(5.10)
= (Lgs + ng) . T 2%(®
s (0 + 0at) = [+ 22 (o + )] + [P+ 2 (e = )| = Vo + eV (5.11)

Notice that the differential voltage (5.10) does not contain the CM duty cycle (dem). In
other words, the grid current is not affected by the CM duty cycle. In addition, the CM
voltage does not contain any information about the DM duty cycle (dam) and the term
d.mVpc 1N (5.11) is used to create ripples opposite to the ripples in the DC-link capacitor.
The DM duty cycle (dam) is obtained in the previous subsection with the PR controller. In
this subsection, illustration of the CM controller will be explored. Prior to designing the
CM loop compensator the plant of the microinverter in the CM must be developed. Using
(5.11) the microinverter CM equivalent circuit of Figure 4.1 can be visualized as follows

(Figure 5.5)
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Figure 5.5: CM equivalent circuit of the differential buck microinverter
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Deriving an expression for the supply DC current is mandatory to obtain the plant of the
CM controller. Each microinverter leg is viewed and a separate buck converter that is
connected differentially to the grid. Therefore, the sum of the DC currents flowing in

each leg of the microinverter gives the supply current (ioc) drawn from the PV as (5.12):

ipc1(5) = (dem + dam) 112(5) = (dem + dam) (ig(5) + 5Corver (5))
ipc2(s) = (dem — dam) i12(S) = (dem — dam) (—ig(5) + 5Co2ve2(5)) (5.12)

ipc(s) = ipc1(s) +ipca(s)

Note that the inductor currents are related to the grid current and the capacitor current by
applying KCL at the two point of the common coupling with the grid. Further
manipulation of (5.12) results in (5.13)

ipc(s) = [2ig(s) + sC(Vc1(S) — Ve ($))]dam + SC(Vc1(S) — Vea ($))dem (5.13)
Note that the expression in (5.13) is derived using identical capacitors (Co1=Cp2=C).
Now relating the expression in (5.13) to the capacitors CM voltage and the DM voltage

can be achieved by inserting (5.14) and (5.15) in (5.13)
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Ve1(S) + V2 (s) (5.14)
. .

dem (S) — VUc1 (S) ; Uc2 (S) (5.15)

Ve (s) =

The DC source current relation with the capacitors CM and DM voltages is expressed in

(5.16).

ipc(s) = [2i4(s) + SZCVcdm(S)]ddm + [s2Cv,_ (s)]dem (5.16)

(5.16) can be further simplified by relating the CM and DM voltages to the capacitors
CM and DM current as in equation (5.17)

ipc = [2ig(s) + 2icyy, ()]dam + [2ic . ()]dem (5.17)
(5.17) indicates that the DC supply current is affected by the CM and the DM duty

cycles and it can be decomposed to two currents (5.18)
iDCdm(S) = [Zig(s) + Zicdm(s)]ddm
iDccm(S) = [Ziccm(s)]dcm (5.18)

ipc = Ipc gm () + ipc oy (5)
The term that is due to the DM in (5.17) can be treated as a disturbance. However, there

is a huge issue with this expression since the relation between the supply DC current and
the CM duty cycle is non-linear due the multiplication with the capacitor CM current
lc.m (). Typical solution to solve the non-linearity in the CM plant model is to linearize
the model by multiplying it the inverse of the non-linear term prior the plant model as in

(Figure 5.6). In other words, the CM controller is composed of a PR controller tuned at

2f, and 4f,, a feedforward control of the disturbance caused by the contribution of the
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ipc,,,(s) to the ipc_(s) and reciprocal of the nonlinear term (2i.__(s)). In addition,
since the goal is to reduce the ripples caused by the power ripples in the AC output the
DC supply current is filtered with high pass filter tuned at 20Hz and a unity feedback is

taken to construct the error signal (Figure 5.6).

CM Controller M Plant
/ / Ipc.dm
Ipc. Rlpp]esREf: 0 1pc dm
% p *y_ipc
+ . ] .
Geom(S) 1/ic.em) M 2icem HPF(s)
iDC_Rlpples

Figure 5.6: CM controller and the CM plant

The issue with the CM controller is that when the error on the DC supply current ripples
(e(s)) is not zero initially the error will converge to zero exponentially. However, instead
of forcing the ripples on the DC current to zero; the controller can reject the disturbance
caused by the DM mode contribution. In other words, the feedforward of the disturbance

ipc 4, (8) 1s removed and the controller dynamic will become as (5.19)

e(s)Gc_cm (S) = iDCdm (519)
The open loop and closed loop transfer functions are shown in (5.20) and (5.21)

respectively:

GoL (s) = Gc_cm (s) HPF(s) (5.20)

Geem (s) HPF(s)
1+G.em (s) HPF(s)

Gy (s) = (5.21)
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And the gains selected for the CM controller are in (Table 5.4)

Table 5.4: CM controller gains

KRemr,) KRemar,) ¢

pcm

0.001 450 160 0.001

*Non-ideal PR controller factor [86]

5.1.3. Overall Control with Passive Resonance Damper

The overall controller structure is illustrated in Figure 5.7. The controller is composed of
inner current loop that estimates the CM and DM duty cycles and the outer loop regulates
the DC bus voltage. Usually, the inner loop is much faster that the outer loop. Notice that
the feedforward of the grid voltage and the contribution of the capacitors DM current to

the supply DC current are neglected; since high controller gain removes the necessity of

disturbance feedforward.
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Figure 5.7: Passive resonance damping overall control structure differential buck

microinverter: (a) Sensors and microinverter block diagram and (b) detailed controller
structure

69



5.2. Differential Buck with LCL with Active Resonance Damper

One issue with the passive damper control scheme that was discussed in the previous

1

section is that when an unexpected delay is considered the linearization distorts

lcem(S)
the CM duty cycle estimation. In addition, when the i _(s) is zero the linearization term
goes to infinity. Also, the damping resistor introduces large inevitable losses and reduces
system efficiency. Consequently, here explorations of the differential buck microinverter

with small signal analysis to obtain a linearized CM plant.

5.2.1. Small Signal Analysis

The two microinverter legs compose two separate buck converters that are connected
differentially to the grid. As indicated in (5.10) and (5.11), each capacitor voltage reaches
maximally half the DC-link voltage. Meaning that, the two buck converters are operating
around the equilibrium duty cycle (D=0.5). This suggests that the switches S1/S2
(converter A) are operating with the duty cycle (5.22) and S3/S4 (converter B) operate at
(5.23);

DA = Dcm + de (522)
Dg = Den + (1 — D) (5.23)
Note that the two duty cycles (5.22) and (5.23) are referenced to the top switch of each

converter so the bottom switch has an inverted duty cycle. Moreover, small perturbation
is applied to the CM and DM duty cycles of both converters around the equilibrium point

results in (5.24) and (5.25):

>

(5.24)
(5.25)

b
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The small signal model of the differential buck configuration is illustrated in Figure 5.8.
The small signal modelling approach is similar to the one provided by [87], [88] but

considering non-idealities.

Converter A Converter B

wel0)

Figure 5.8: Grid connected differential buck small signal model (Red color indicates a
perturb value)

Based on the dynamics of the small signal model; derivation of the DM and CM plants
are deduced to construct a stable controller that actively damp the resonance peaks.
However, a common method to damp LCL resonance peak in conventional inverter is to
either feedback the capacitor current with simple proportional gain or feedback the
capacitor voltage with high-pass filter in the feedback. Nonetheless, both methods
emulate a virtual resistance in parallel with the filter capacitor. Since the controller is
producing two duty-cycles (dg, and d,), both DM and CM plants are resonating.
Therefore, feeding-back —with proportional gain in the feedback- the capacitors CM
current in the CM plant and capacitors DM current in the DM plant would damp the
resonance of both plants. However, because the reduction in the number of sensors is

important, the active damping in both the CM and DM plants here is done through
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cascading a notch filter prior to the control signal. This methodology reduces the number

of sensors required to damp the resonance peaks since the requirement for capacitor

current feedback is eliminated. Moreover, from the previous subsection, the DM plant is

resonating at the LCL resonance frequency but the CM plant resonance is unknown

because the plant is non-linear. Therefore, the small signal analysis is done to find the

resonance peak of the CM plant so the notch filter would be tuned at the CM plant

resonance peak. In all derivations the assumptions made are in Table 5.5.

Table 5.5: Assumptions in the small signal analysis

Parameters
L=L,=1L, Ry =R, =Ry,
C=0Cy =Cpy Ry =Ry, =Ry,
Ly = Lg1 = Ly, Rc =R¢,, =Re,

Therefore, converter A has this small signal dynamics (5.26) and (5.27):

(dem + dam)Voe = (SL + R,) iy + Doy (1 + sCR,)

°

iCl = SCﬁCl = il - lg

Similarly, converter B dynamics are expressed in (5.28) and (5.29):

(dem — dam)Voe = (SL + R) 15 + Dep (1 + SCR)

iCZ = SCﬁCZ = iz + ig

(5.26)
(5.27)

(5.28)
(5.29)

Remember that the term Vp. is not changing quickly so it’s perturb value ¥p, goes to

zero. Consequently, the dependent sources D ¥, and Dg¥p that should contribute to

(5.26) and (5.28) respectively are shorted. Furthermore, applying KVL at the AC output

loop the grid current relation with the two buck output capacitors can be found:
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(2sLy + 2Ry) iy + Dy = (Dey — Dez)(1 + SCR,) (5.30)
Substituting (5.27) into (5.26) results in (5.31):

Voc(dem + dam) = (SL + R.) iy + D1 (s2LC + sC(R. + R,) + 1) (5.31)

Also, inserting (5.29) into (5.28) would results in a similar expression to (5.31) but in
relation to 7., as (5.32)

Voc(dem — dam) = —(SL + Ry) iy + Dep(sLC + sC(R. + R,) + 1) (5.32)

The transfer function between the CM perturbed duty cycle (d,,,) and the capacitor CM

voltage ¥ ., is achieved by the addition of (5.31) to (5.32). Note that the capacitor CM

voltage is defined as (5.14) in the previous subsection (5.1.2.2. CM controller). (5.33) is

the transfer function between the CM capacitor voltage and the CM duty cycle.

( ) — ﬁccm _ VDC

Gve e (S dem  S2LC+sC(R.+R,) +1 (5:33)

In addition, the output input relation between the capacitor DM voltage (ﬁcdm) and the

DM perturbed duty ratio (dg,,) is obtained by the subtraction of (5.31) from (5.32) and

substituting equation (5.30). The transfer function obtained is (5.34)

v
G

Veam

(s) ==
Aam =0 (5.34)

(sL, + RV

s’CLL, + s*C(LR; + L,R. + LR, + LyR)) + s(L + L, + CR;R, + CRR, + CR,R) + R, + R,

Note that the capacitor DM voltage is defined as (5.15) in the previous subsection
(5.1.2.2. CM controller). Furthermore, the transfer function between the grid current and

the DM duty cycle derived by inserting (5.34) into (5.30) as in (5.35)
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[
Gig(s) = a—g
am py=0 (5.35)
_ (sCR; + 1)Vp¢
T S3CLL, + s2C(LR; + LyRc + LRy + LyR,) + s(L + Ly + CRcR, + CReR, + CR.R;)) + R, + R,

Notice (5.35) is exactly the LCL filter transfer function that was obtained in the previous
section (5.1.2.1. DM controller) and it resonates exactly as a conventional LCL filter.

1 [L+Lg

Therefore, cascading a notch filter tuned at f.s,,, = e with the plant of the DM
g

would damp the resonance peak. Moreover, extra two transfer functions can be obtained
by summing or subtracting (5.27) and (5.29) to yield the expression for the microinverter

CM (5.36) and DM (5.37) current

S ~

sCVpc
1. d. s2LC+sC(R.+R,)+1 (5.36)

dcm dcm

Liny ic
e (8) = Gy, () = 2em = Zem =

Liny dm

Giinvdm (S) - ad
m

(5.37)

2
(scL, +sCR, + R) + 1)V

- s’CLL, + s°C(LR; + L,R; + LR, + L,R) + s(L + L, + CR.R, + CR.R, + CR.R) + R, + R,
The last expression to derive is the DC supply current that had a non-linear equation in

the previous section. Thus, according to Figure 5.8 the DC supply current is as (5.40) by

the addition of (5.38) to (5.39):
ipc1 =Daly +dals = Dem + Dayn)la + (dem + dam)a (5.38)
iDCZ = Dg iz + dB I; = (De + (1 — de))iz + (dcm - ddm)lz (5.39)
iDC = (ZDcm + 1)’iinvcm + dAcmlinvcm + (Zde + 1)iinvdm + dAdmlinvdm (5-40)
Notice that the inductor CM current is exactly equal to the capacitor CM current

(iinvcm = iccm). This can be seen clearly in Figure 5.5. Furthermore, the DC supply

current is a function of both the CM and the DM duty cycles. Though, the purpose was to
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control the CM duty cycle so the DM duty cycle is treated as a disturbance. The transfer

function between the DC supply current and the CM duty cycle is derived by substituting

(5.36) into (5.40) and setting Dg,, = dgm = 0 as (5.41)

G (s) = iDccm _ (@Dgn + 1)sCVp¢
ipeen ) = 0 T T S2LC+ sC(R, + R,) + 1 cem

In case of designing an active damper with capacitor current feedbacks; (5.36) can be

(5.41)

used to damp the resonance in the CM control loop. Also, it is crucial to find the transfer
function between the capacitors DM current and the DM duty cycle; so by subtracting

(5.27) from (5.29) and inserting them into (5.34) the result is (5.42)

le
(S) — Czdm
@m 5g=0 (5.42)

2
3 (s°CLy + sCR)V ¢
s$3CLL, + s*C(LR; + LR, + LR, + L,R) + s(L + L, + CR.R, + CR.R, + CR,R) + R, + R,

Hence, feeding back the capacitor DM current can damp the resonance that occurs in the

G

ic dm

DM loop in case of damping with capacitor current. In addition, two extra transfer
function can be derived: (i) to convert the DM capacitor current to the grid current (5.43)
by dividing (5.35) by (5.42) and (ii) to convert the CM capacitor current to the supply

CM current (5.44) by dividing (5.41) by (5.36)

i sCR, +1
L= (5.43)
Legm S CLg +sCRg
ipc s?LC +sC(R. +R,) +1
— = (2D + 1)+ 1 5.44
L 2Dem + 1) + I, STV (5.44)

In case of damping through capacitor current feedback, the controller can be designed
using (5.36), (5.42), (5.43) and (5.44). Note that all four transfer functions have a

resonance peak that affects the system stability. Alternatively, (5.41) indicates that the
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CM plant resonance depends on microinverter side inductance and the output capacitors;

1

thus, the CM notch filter must be tuned at f.. . = o~

to damp the resonance.

Finally, the CM & DM controller structures with plant model are shown in Figure 5.9.

DM Controller DM Plant
Ve

PRym(s) Notchgm(s) Gig(s)

(a)
CM Controller CM Plant

; I
15¢ dm DC dm

n ) vy i
PRem(s) Qé_» Notchen(s)——{ Giseen(s) F— HPF(s)

iDQ Ripples

iDC_ RlpplesREf: 0

A

(b)
Figure 5.9 Active damper controller detailed models: (a) DM controller and (b) CM
controller

Note that with grid-side inductance deviation due to different grid interfacing; DM
resonance deviate and therefore, the DM notch filter must be adaptive. On the other hand,
the CM notch filter is not affected by grid-side inductance variation so no requirement for
adaptive design. Also, the feedforward disturbance can be avoided in CM and DM plants

with high controller gains as in subsection 5.1 analysis. Furthermore, the open loop and
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closed loop transfer functions are shown in (5.45), (5.46), (5.47) and (5.48) of both DM

and CM:
GoL gy (8) = PRay (s) Notcham(s) G, (s) (5.45)
G (s) = PRym (s) Notchgy(s) Gig(s) 5.46
CLam ) = 7 + PR, (s) Notchgy,(s) Gl-g (s) (5.46)
GoLem (s) = PRy (s) Notchy () GiDccm(S) HPF(s) (5.47)
PR (s) Notchep(s) Gy (s) HPF(s)
Gerom (5) = 1+ PR, (s) Notch ., (s) G . ( (5.48)
cm cm iDCom s) HPF(s)
The gains selected are in Table 5.7 based on the components values of Table 5.6.
Table 5.6: Active damper components
L Lg C Rg RL Rc
1mH 0.05mH 120uF 12mQ 13mQ 1.7mQ

Note these values are selected based on actual existing components; each component

datasheet is attached in the appendix.

Table 5.7: Controller gains

Ky om KR emer,) Kremar,)
0.001 450 160
KP dm dem (fo) ¢

3 20000 0.001

*Non-ideal PR controller factor [86]
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5.2.2. Overall Control with Active Resonance Damper

The overall controller structures with active resonance damping are illustrated in
Figure 5.10 which is similar to Figure 5.7. The only difference is the cascaded two notch
filters and the removal of the feedback linearization term in the CM plant. CM notch
filter is not affected by the grid inductance variation, while the DM notch filter is highly
dependent on grid inductance variation. Therefore, there has to be some estimation
method to adaptively vary the DM notch filter center frequency. Moreover, the
feedforward of the disturbances such as the grid voltage and DC DM supply currents are
neglected because of the high controller’s gain. Only 4 sensors are needed to control the
microinverter; specifically, the measurements needed are grid current, grid voltage for

PLL, DC supply current and DC link voltage.
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Figure 5.10: Active resonance damping control structure with differential buck
microinverter: (a) Sensors and microinverter block diagram and (b) detailed controller
structure
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Chapter 6 : Simulation

This chapter discusses the simulation of both proposed control schemes using PSIM
software tools. A 600W prototype is simulated under non-ideal conditions. Non-idealities
include the on-state resistance, the voltage threshold of the MOSFET, the internal
resistance of each element, and the delay consideration of the PWM. Moreover, the
internal resistances and MOSFET on-state resistance (Rpson)y = 300mQ) are obtained
from the components datasheets. In addition, a realistic PWM delay is considered to be
150% of the controller sample time T,. Note in all simulations the DC-link capacitor
Cpc—Link 1S 60UF film capacitor. Without any power decoupling control, the DC voltages
ripples should be around 50V. In addition, to observe the ground leaking current, the
parasitic capacitors between the PV terminals to the ground are selected to be c,yq4 =
Cpvg— = 20nF. Furthermore, the negative grid terminal resistance R is 10Q since the
microinverter is connected to a 240Vrms/50Hz stiff-grid. Also, based on the two proposed
controllers, this chapter is divided into two sections: (i) passive resonance damping

control simulation and (ii) active resonance damping control simulation.

6.1. Passive Resonance Damper Control Simulation

The simulation carried out in PSIM with these components values (Table 6.1). Notice the
extremely small DC-Link capacitor (cpc—;mi) and the exaggerated PV terminal stray
capacitances (c,yg+ and cpyg-). The small DC-Link capacitor is used to illustrate the

power decoupling scheme impact on the DC bus voltage ripples. Also, the exaggerated
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value of the PV stray capacitances to show the enormous reduction in the ground leakage

current.

Table 6.1 component values used in PSIM simulation (Passive Damper Control)

L=L;=1L, Ly=Ls =Ly, €=Co =Co, Ry=Ry; =Ry, R, =R, =Ry
1mH 0.05mH 120uF 12mQ 13mQ
R = R % *%
:CR o1 Riamping Cpvg+ = Cpvg- Rz Rpsow Cpc-Link
€Oy
1.7mQ 0.4Q 20nF 10Q 300mQ 60uF

* One Ryamping 1s CONNected in series with each output capacitor

** Rpscony 1S the MOSFET on-state resistance

6.1.1. PSIM Set-up (Passive Resonance Damping)

The system set-up in PSIM is shown in (Figure 6.1). As discussed earlier, the controller is
composed of two parallel inner loops for power decoupling and current control and outer
voltage regulation loop (Figure 6.1 (b)). Additionally, single-phase PLL is shown in
Figure 6.1 (b) to estimate grid voltage angle. The modulation used is unipolar since each

H-bridge leg has its own reference (Figure 6.1 (b)).
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Figure 6.1: System set-up in PSIM (Passive damper control): (a) circuit set-up and (b)
controller structure.
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Simulating the set-up in Figure 6.1 and by observing the different waveforms;
performance evaluation of the system efficiency, leakage current RMS value and the DC
link ripples will be conducted in the next subsection. Another comparison will be carried
out with activation and deactivation of the power decoupling controller to observe the

significance of the power decoupling control.
6.1.2. Waveforms Observation (Passive Resonance Damping)

6.1.2.1. Waveforms With and Without Power Decoupling Control
Essential waveforms are observed with and without the power decoupling control. The

essential waveforms are the grid current (iy), DC-link voltage (Vp¢), output capacitors

voltages (v. and v,,) and the DC supply current (ip). Figure 6.2 indicates the effect of

the power decoupling controller.
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Figure 6.2: Essential waveforms (Passive damper control): (a) without power decoupling
control and (b) with power decoupling control
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Notice in Figure 6.2 (b) the DC supply current and the DC voltage are constant. Thus, the
grid current is sinusoidal. On the other hand, Figure 6.2 (a) the ripples on the DC link
voltage are around 50V and the DC supply current has 2" order current harmonics.
Consequently, without the power decoupling control, the grid current is distorted by 2"
order harmonics. Note the disappearance of 2" order power ripples in Figure 6.2 (b) is
due to the injected CM voltage in the two output capacitors (see the capacitor voltages
are not pure sinusoidal in Figure 6.2 (b)). The significance of these results is that it allows
a smaller DC-Link capacitor (film type) that would enhance the reliability and lifetime of
the system. Furthermore, since film capacitor sensitivity to temperature variation is less
compared to electrolytic type; using power decoupling control in microinverter that are

usually installed outside would boost their lifetime.

6.1.2.2. Leakage Current Waveform with Power Decoupling Control

After illustrating the benefits of the power decoupling control and how it impacts the
input capacitance requirement. Let us explore the other objective which is the amount of
the ground leaking current. The ground leaking current RMS value is very low around
4mA (Figure 6.3). Remember, that the parasitic PV capacitances c,, 44 and c,,,_ values
are extremely exaggerated (20nF); as mentioned earlier these values were selected for

testing purposes.
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Figure 6.3: Ground leaking current with power decoupling control (Passive damper
control)

6.1.3. Efficiency of the System (Passive Resonance Damping)

The last part of the objective was to maintain the high efficiency. However, most of the
losses are due to the additional two damping resistors as in Figure 6.1. Still, these two
damping resistors are crucial and removing them makes the grid current non-sinusoidal as

in Figure 6.4.

200 A/div

400

0.4 0.41 0.42 0.43 0.44 0.45
Time (s)

Figure 6.4: Effect of removing the damping resistors on the grid current
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In other words, the damping resistors that cause most of the efficiency deterioration
stabilized the system. Moreover, to calculate the efficiency of the system precisely let us
observe each LCL filter component current waveforms and measure the current RMS
value (Figure 6.5 (a)) or alternatively measure the average of the instantaneous output

power (Figure 6.5 (b)).

Table 6.2: Currents RMS values and power losses (Passive damper control)

ic,(RMS) = i ,(RMS) i, (RMS) = i;,(RMS) iy, (RMS)=1i,, (RMS)=i,(RMS)

5.03A 5.58A 2.36A
Poss(€1&C3) Pross(L1&L3) Pross(Lg,&Lg,)
20.33W 0.81W 0.13W
P;,ss(MOSFET) P;,(Average) P,.:(Average)
12.33W 600W 566.4W
n% 94.40%

The 12.33W loss due to MOSFETs can be calculated using the guideline provided
by [20] but with considering the two modes duty cycles. Notice the capacitor high RMS
current value; this caused most of the system losses around 3.38% because of the high
inevitable damping resistors that are in series with the capacitors. Also, the MOSFETs
losses are around 2.06% of the total losses. Consequently, next subsection will discuss
how the active damper would reduce the losses that were due damping only. MOSFETS
losses are not tackled since the switching frequency is high and IGBT usage would

deteriorate the system performance.
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Figure 6.5: Efficiency calculation waveforms (Passive damper control): (a) Currents
waveforms and (b) instantaneous output power waveform compared to the instantaneous
input power
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6.2. Active Resonance Damper Control Simulation

The simulation carried out in PSIM with these components values (Table 6.3). Most
component values are similar to the previous section except the removal of the damping

resistors. In other words, the task here is to improve the efficiency of the system.

Table 6.3: component values used in PSIM simulation (Active Damper Control)

L=L =1L, L.q = Lgl = Lyz €= COl = COZ Ry = R!h = Ryz R, = RL1 = RLZ
1ImH 0.05mH 120uF 12mQ 13mQ
R.=R "
:CR o1 Rpson Covg+ = Cpvg- Rg CpC-Link
€0y
1.7mQ 300mQ 20nF 10Q 60uF

*Rpscon) 1S the MOSFET on-state resistance

6.2.1. PSIM Set-up (Active Resonance Damping)

The control scheme is similar to the previous subsection. The difference is that the
number of sensors is reduced to only 4 sensors (Figure 6.6 (a)), the removal of the
damping resistors (Figure 6.6 (a)) and the cascaded two notch filters Figure 6.6 (b). These

notch filters are tuned at each plant resonance frequency.
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Figure 6.6: System set-up in PSIM (Active Damper Control): (a) Circuit set-up and (b)
controller structure.
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Simulating the set-up in Figure 6.6 and by observing the different waveforms;
performance evaluation of the system efficiency, leakage current RMS value and the DC
link ripples will be conducted in the next subsection. Also, the effect of grid-side

inductance variation and the notch filter removal on the grid current is observed.
6.2.2. Waveforms Observation (Active Resonance Damping)

6.2.2.1. Waveforms With and Without Power Decoupling Control
Essential waveforms are observed with and without the power decoupling control. The

essential waveforms are the grid current (i;), DC-link voltage (V(), output capacitors

voltages (v.iand v,,) and the DC supply current (ip). Figure 6.7 indicates the effect of
the power decoupling controller. Similar to the passive damper control section, without
power decoupling control the grid-current is superimposed by 2" order harmonics in
Figure 6.7 (a). The difference between the passive and active damping is that the RMS
value of the grid current increased. Meaning that, it is expected that with active damping
the efficiency will rise. Also, the significance of this results Figure 6.7 (b) is the smaller

reliable DC-Link capacitor could be used to improve the system reliability.
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Figure 6.7: Essential waveforms (Active damper control): (a) without power decoupling
control and (b) with power decoupling control
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6.2.2.2. Ground Leaking Current Waveform

The second part of the thesis objective is also met with this control; since the RMS value

of the ground leaking current is less than 3mA. This is a substantial result because the

stray capacitances are exaggerated 20nF and the leakage current is still low Figure 6.8.
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Figure 6.8: Ground leaking current with power decoupling control (Active damper control)

6.2.2.3. Effect of Notch Filter

In active resonance damping control, the notch filters are essential. Precisely, eliminating

both or one of the notch filters would result in a resonating grid current; thus, confirming

the theoretical analysis done in 5.2. The effect of notch filters removal on the grid current

waveform is summarized in Figure 6.9: (a) both notch filters removal, (b) DM notch filter

removal and (¢c) CM notch filter removal.
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Figure 6.9: Effect of removing resonance damping notch filters on grid current: (a) DM and
CM notch filters removal, (b) DM notch filter removal and (c) CM notch filter removal
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6.2.2.4. Effect of Grid-Side Inductance Variation

Interfacing with different grids, results in unexpected variation in grid-side inductance.
Unfortunately, this grid-side inductance variation deviates the DM resonance frequency.
Consequently, affecting the system stability. A common solution is to design the DM
notch filter with adaptive configurations. Meaning that, there should be an estimation of
the grid-side inductance prior to control activation. However, in our design, the DM
notch filter center frequency is little lower than the LCL resonance frequency and the
filter bandwidth is large. As a result, grid-side inductance variation effect would be
limited. Figure 6.10 shows the grid-side inductance increase relation with the grid current
THD%. As illustrated earlier in 5.2.2, the CM notch filter is not affected by grid-side

inductance variation.
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Figure 6.10: Effect of grid-side inductance increase on the grid current: (a) 0% increase, (b)
25% increase, (¢) 50% increase and (d) 100% increase
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6.3. Efficiency of the System (Active Resonance Damping)

The efficiency of the system improved enormously - around 20W increase in output
power- with active resonance damping control. This is due to passive damping resistor
avoidance. The losses are calculated by observing different current waveforms and
measuring their RMS values. Specifically, Figure 6.11 and Table 6.4 summarize the

overall results regarding system efficiency.

Table 6.4: Currents RMS values and power losses (Active damper control)

ic,(RMS) = i.,(RMS) i, (RMS) = iy, (RMS) i, (RMS)=1,, (RMS)=1i,(RMS)

5.03A 5.59A 2.44A
Poss(€1&C3) Pross(L1&L3) Pross(Lg,&Lg,)
0.086W 0.81W 0.14W
P;,ss(MOSFET) P;,(Average) P, (Average)
13.36W 600W 585.6W
n% 97.6%
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Figure 6.11: Efficiency calculation waveforms (Active damper control): (a) Currents
waveforms and (b) instantaneous output power waveform compared to the input power
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Chapter 7 : Conclusion & Future Work

7.1. Conclusion

This thesis presented a transformerless microinverter that has enhanced: (i) safety, (ii)
reliability and (iii) efficiency. An evaluation study conducted to test the existing
microinverter configurations performance regarding two aspects: (i) the amount of the
circulating leakage current and (ii) the possibility to decouple transisorlessly the second
order harmonic power ripples. The study concluded that the differential buck DC/AC
converter has the lowest leakage current circulation and it is capable of decoupling the
second order harmonic power ripples with the minimum number of switches. In other
words, the differential buck configuration is the most reliable and safe design that can be
adopted in the DC/AC conversion stage of the non-isolated microinverter.

The differential buck is controlled in two simultaneous operating modes: (i) DM to
inject a sinusoidal current into the gird and (ii) CM to decouple the power ripples in the
AC-side. Nevertheless, in grid-connected PV applications the differential buck
configuration with LC or LCL output filter requires proper resonance damping control.
Besides, it turns out that the resonance occurs in both modes. Thus, this thesis proposed
two resonance damping control schemes with the LCL differential buck microinverter:

Q) Passive resonance damping control
(i) Active resonance damping control
The passive control was based on feedback linearization techniques and passive damping

through resistors series connection, they decreased the efficiency of the DC/AC
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conversion stage (n% = 94.4%) and required 6 sensors. In contrast, the active control
was based on cascading two notch filters and required 4 sensors only. The two damping
notch filters center frequencies were obtained after modeling the non-ideal differential
buck microinverter with small signal analysis. Contrary to the passive control, the active
damping control improved the efficiency of the system (n% = 97.6%), but increased the
grid current THD. The proposed techniques for improving the efficiency, reliability, and
low leakage current in microinverter, were validated through extensive simulation of a

600W microinverter model using non-ideal components.

7.2. Future Work

This thesis focused mainly on designing, modeling, and controlling the DC/AC converter
stage of the non-isolated microinverter in grid-connected applications. The thesis work
could be expanded in many ways. For instance, test the controllers and filters on HIL
system. Then, build a prototype and implement the proposed techniques. The other option
is to design adaptive notch filters that are based on online methods to estimate the grid-
side inductance prior the control activation (online estimation of the resonance frequency
in case of weak-grid connection). It is also possible to extend the design to consider a
realistic components mismatch in contrast to the actual analysis which assumed
symmetrical microinverter elements. Further work can include the MPPT controller and

DC/DC converter.
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APPENDIX

Al: Components

The simulations of Chapter 6 were based on existing components. The components
selected for both —Active and Passive - control schemes of the differential buck DC/AC
converter are similar (Figure Al.1); the only difference is that the passive control needs
two additional damping resistors in series with the each output capacitor and two extra
current sensors. The extra two sensors are for sensing the output capacitors current. Note
that, because of the CM operation the microinverter-side inductance (L, and L,), the two
output capacitors (C,; and C,,) and the MOSFETSs ratings increased compared to

conventional inverter.

Figure Al.1: Differential buck microinverter

The list below summarizes the components used:
e DC/AC MOSFET (STB18NM80): 800V, 17A, Rpsony =300mL2, Vsp=1.6V and

RGS(th) == 4V
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e Microinverter-side inductance (Hammond 195C20): 600V, 20A, L; = L, =1mH,
and R, = R;, =13mQ

e Grid-side inductance (Bourns 5711-RC): 600V, 9.5A, Lg; = Ly, =50uH, and
Rig1 = Rz =12mQ

e Output film capacitor (TDK B32778J1127K000): 1300V, 58.5A, C,; = C,, =
120uF, R¢,, = R¢,, = 1.7mQ

e DC-Link film capacitor (TDK B32778J0606K000): 1100V, 34.5A, Cp¢ rink =
60uF, Rep i = 4-1MQ

Notice the high ratings of the reliable film capacitors; even with small capacitance value.
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A2: Waveforms

Appendix 2 shows all waveforms. The waveforms are viewed for a time window of
0.05sec; specifically, from t=0.40 sec to t=0.45 sec. Waveforms are not restricted to

voltage and current only; duty cycles are also observed.
A2.1. Passive Resonance Damping Controller Waveforms

A2.1.1. Duty Cycles

dem ddm

A

04 0.41 0.42 0.43 0.44 0.45
Time (s)

(@)

d_Converterl d_Converter2

0.4 0.41 0.42 0.43 0.44 0.45
Time ()

(b)
Figure 0.2: Duty cycles (Passive): (a) DM and CM duty cycles, and (b) each microinverter
leg duty cycle
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A2.1.2. Currents

A2.1.2.1. AC currents

L) (L)

T L T
v Mty
)
— iy

i
D ——

i DC_Link

o O g o ol

i_Leakage

0.4 0.41 0.42
Time (s)

Figure A2.3: AC Current waveforms (Passive): ig (2 A/div), i1 (5 A/div), iz (5 A/div), ic1
(5 A/div), ic2 (5 A/div), ipc_ink (5 A/div) and iLeakage (2 MA/div)

A2.1.2.2. DC Current

0.4 0.41 0.42 0.43 0.44 0.45
Time (s)

Figure A2.4: DC supply current (Passive) (0.2 A/div)
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A2.1.3. Voltages

vg
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Figure 0.5: Voltage waveforms (Passive): vg (200 V/div), vc1 (100 V/div), vco (100 V/div),
Vbc (100 V/div), vi1 (500 A/div), vize (500 V/div) and vin (200 V/div), vig: (0.2 V/div) and

Vig2 (0.2 V/div)

114




A2.2. Active Resonance Damping Controller Waveforms

A2.2.1. Duty cycles
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Figure 0.6: Duty cycles (Active): (a) DM and CM duty cycles, and (b) each microinverter
leg duty cycle
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A2.2.2. Currents:

A2.2.2.1. AC currents
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Figure A2.7: AC Current waveforms (Active): ig (2 A/div), i1 (5 A/div), iz (5 A/div), ic1
(5 A/div), ic2 (5 A/div), ipc_ink (5 A/div) and iLeakage (2 MA/div)

A2.2.2.2. DC currents
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Figure 0.8: DC supply current (Active) (0.2 A/div)
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A2.2.3. Voltages
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Figure A2.9: Voltage waveforms (Active): vq (200 V/div), vc1 (200 V/div), vez (200 V/div),
Vbc (200 V/div), vi1 (500 A/div), vz (500 V/div) and vin (200 V/div), vigr (0.2 V/div) and
Vig2 (0.2 V/div)
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