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Abstract

The voltage source inverters are typically used to connect between distributed generation
and the utility grid. In the grid-connected inverter, an output filter is often utilized in the inverter
terminals to reduce the pulse width modulation (PWM) switching harmonics. To achieve a
sinusoidal grid current with unity power factor, the single-loop proportional integral (PI) or
proportional resonant (PR) controller is often utilized for current control in the grid-connected
inverter. However, in the distribution system, the grid can have a large impedance, which will
affect the inverter control performance, even the stability of the inverter system. Presented in this
work are four control methods aimed at reducing the effect of the grid impedance.

The impedance-based control is designed based on the relationship between the inverter
output impedance and the grid impedance in the frequency domain. Through the analysis of the
inverter output impedance in the frequency domain, the current controller parameters can be
adjusted to regulate the output impedance to improve the control performance when the inverter is
connected to a large grid impedance.

State feedback control combined with a PI/PR controller is a robust control method. Based
on the pole placement method, the system stability and dynamic performance can be specified
directly by determining the closed-loop pole locations. The system stability, robustness to grid
impedance uncertainties, as well as damping to reduce the LC filter resonance can be improved.

Gain scheduling control is an adaptive control, which adjusts the controller parameters to

make the system robust to grid impedance variations based on the grid impedance estimation. An



optimal gain is determined by the desired controller bandwidth and the phase margin of the system.
Therefore, the inverter control performance can be maintained even with the grid impedance
variation.

Grid-current observer-based compensation method aims to compensate for disturbances
from the grid side; two different compensation control structures are proposed. The feed forward
compensation uses the estimated grid current as a feed forward signal. The modified disturbance
observer is utilized to compensate for the disturbance introduced into the inverter system. Both of
the compensation methods are based on a grid current observer.

Experiments were implemented on a 1 kW Texas Instruments single-phase grid-connected

inverter with an LC filter to verify the effectiveness of the control methods introduced.
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CHAPTER 1 INTRODUCTION

1.1 Background

With increasing concerns about the impact of burning fossil fuels on global climate change,
renewable energy such as solar and wind are getting more and more attention for their
environmental friendly feature [1]. The voltage source inverter (VSI) is widely used as the
interface between a renewable energy source and the utility grid. The VSI is a power electronic
converter that can convert direct current (DC) to alternating current (AC) at a required voltage
level and frequency. Figure 1.1 shows the general structure of a typical grid-connected inverter. It
consists of fast switching devices, such as insulated gate bipolar transistors (IGBTs), which
generate the desired output voltage through pulse width modulation. However, pulse width
modulation can cause high frequency switching harmonics in the output current. In order to reduce
the current switching ripple, a filter is commonly adopted for the VSI inverter in a grid-connected

arrangement [2].

+ +
Renewable Ly Voltage v Utility
Energy dc Source g 1
Grid
Resource Inverter

Figure 1.1 General structure of a typical grid-connected inverter.
Many grid-connected inverters are installed in the distribution system, which is
characterized by long distribution lines and low power transformers [3]. An inductive grid
reactance would decrease the resonant frequency of the inverter output filter, while a capacitive

grid reactance would introduce other resonant peaks into the system. Moreover, load conditions



may have significant effect on the grid impedance as it changes over time [4]. Accurate modeling
of the distribution network is important for transient and steady state performance analysis. Several
researches have proposed different models for the utility grid at the distribution level [5, 6, 7].
However, exact impedance modeling of a distribution network is difficult because of the
complexity and dynamic nature of the system.

In a traditional radial network, the grid impedance seen by a grid-connected inverter is
determined mainly by its distance from the substation transformer, which can be modeled as an
inductor in series with a resistor. For simplification, the grid at the point of common coupling
(PCC) is modeled by its Thevenin equivalent circuit, consisting of an ideal voltage source in series
with the grid impedance [7]. From an inverter controller point of view, this simple model has been
employed by many researchers to address the impact of the grid on inverter operation
[3,6,7,10,40,59]. The term “weak grid” is used in this work to describe the situation where the grid

impedance is much larger than the filter inductance of the inverter [8].

A |:||:||:| :
U Uh L 1
NI ‘e g g S N
A\
+ ot
Renewable -
— 1 Utilit
Energy = Ve 4{ Cf—r Ve Vg Gridy
Resources
Y
ﬁ PLL
PWM | Current t e sing |
Controller ref

Figure 1.2 Control structure of a single-phase grid-connected inverter.



Figure 1.2 shows the control structure of a single-phase grid-connected inverter. Since the
current switching harmonics caused by the pulse width modulation nature of the inverter output
voltages should be kept under the IEEE standard limits, an L/LC/LCL filter is placed between the
inverter and the utility grid. Compared with the L filter, the LC and LCL filters haver better
performance in attenuating high frequency harmonics with a smaller component size and weight.
However, the LCL filter is third order, which can introduce a resonant peak into the system that
will cause an oscillation. For small power inverter (a few kW), an LC filter is a better choice for
the switching harmonics attenuation [2]. Currents i. and ig are labelled in Figure 1.2. In order to
achieve a sinusoidal current ig with unity power factor, a current controller is usually used to track
the reference, which is generated using the grid voltage phase detected by the phase lock loop

(PLL) and the current amplitude command.

<
T 0
5
(8]
-5l i i i i J
0.05 0.06 0.07 0.08 0.09 0.1
Time(s)
Br
‘g
<
T 0
5
(6]
-5l i i i i J
0.05 0.06 0.07 0.08 0.09 0.1
Time(s)

Figure 1.3 Inductor current i. (upper) and grid current ig (lower) waveform.
A current controller is an important requirement of a grid-connected inverter. It is not only
responsible for reference tracking, but also system stability and response to grid disturbances.

Generally, the current controller design for a grid-connected inverter doesn’t take the grid



impedance into account. Researchers have shown that the grid impedance can affect the control
performance of grid-connected inverter and stability of the system and lead to harmonic resonance
[9, 10, 11, 12]. The injected grid current can be greatly distorted by the grid voltage harmonics

[1,3,4]. Therefore, studies of the grid impedance effect on the inverter system are necessary.

1.2 Control Methods

Many control methods have been investigated in the literature for grid-connected inverter
to achieve the goal of high quality output current and robustness to grid disturbance. A brief
description of these is given below.
1.2.1 Single-Loop Control

The single-loop approach often uses a proportional-integral (P1) or proportional-resonant
(PR) controller for inverter current control [13] [14]. A PR controller can track the current
reference without steady state error, but it does not have high gain at non-resonant frequencies [15,
16, 17]. A Pl controller is simple to implement, but it cannot eliminate the steady state error at the
grid frequency [18] [19]. Although the single-loop control has been widely used due to its
simplicity, desirable stability margins and dynamic performance, it has the disadvantage that it
cannot guarantee the system bandwidth and resonance rejection at the same time [12].
1.2.2 Multiloop Control

To improve the transient and steady state performance of the system, a multiloop control
can be used with the outer loop ensuring steady state reference tracking and the inner loop ensuring
fast dynamic compensation for system disturbances and improving stability [20, 21, 22, 23, 24].
Multiloop control inherently provides damping effects to the inverter system and can therefore

solve the limitations of the conventional single-loop control [24].



1.2.3 Deadbeat Control

Deadbeat control is an attractive control method, because it can reduce the steady state
error to zero in a finite sampling period [25, 26, 27, 28]. In addition, it has the advantage of fast
dynamic response and good steady state performance. However, this control method is sensitive
to parameter uncertainty and measurement noise, which might cause system stability issues.
1.2.4 Hysteresis Control

Conventional fixed hysteresis-band controller has the advantage of fast current control
response and inherent peak current limiting capability, but it has a variable switching frequency.
Although an adaptive hysteresis-band controller can achieve a fixed switching frequency, it highly
depends on the system parameters to maintain a constant modulation frequency [6] [29]. Therefore,
the control performance might be degraded due to its sensitivity to system parameter variations.
1.2.5 State Feedback Control

State feedback control has been used in many applications such as uninterruptible power
supply (UPS) and considered to be more comprehensive than the transfer function based design
[30, 31, 32, 33, 34, 35, 36]. Pure state feedback control cannot eliminate steady state errors. An
integrator or resonant controller is often used in conjunction with state feedback to achieve zero
steady state error. By proper design of the closed-loop poles, it can ensure the system stability even
with a weak grid.
1.2.6 Adaptive Control

Recently, many adaptive control methods such as model reference adaptive control [37]
and gain scheduling control [38] [39] have been used to tune the controller parameters to improve
the controller performance. Model reference adaptive control adjusts the controller parameters

based on the difference between the output of the system and the output of a reference model, but



it has the possibility of making the system unstable. The gain scheduling method is a more
conservative adaptive control method. It adjusts the controller parameters based on the grid
impedance value, which can maintain the controller performance when the grid impedance is large.
1.2.7 H-Infinity Control

H-infinity control is also a promising method to deal with the stability problem caused by
the grid impedance uncertainty [40]. It can exhibit high gains around the line frequency while
providing enough high frequency attenuation to make the control loop stable. The disadvantage of
this method is that it is valid for a predefined range of the grid impedance. If the grid impedance

is beyond this range, the weight functions of the H-infinity controller must be recalculated.

1.3 Research Objectives
The objectives for the current controller design of the single-phase grid-connected inverter
with LC filter are as follows:
e Ensure the inverter output current can track the reference current precisely and with
low harmonics to meet the requirement of standard IEEE-1547 [41], shown in Table
1-1.
e Guarantee the stability of the system in the presence of grid impedance and
robustness to grid impedance variation.
e Good harmonic rejection ability in suppressing grid voltage distortion.
e The ability to damp the resonant frequency caused by the LC filter and grid

impedance.



Table 1-1 Distortion Limits for Distribution Generation Systems Set By IEEE-1547.

Odd Harmonics Distortion Limit
3d_gh <4.0%
11th — 15t <20%
17t - 21 <15%
23rd _ 33 <0.6%

1.4 Organization of the Dissertation

The focus of this dissertation is the development of a robust control strategy for a single-
phase grid-connected inverter when connected to a weak and distorted grid. Each chapter in this
dissertation is organized as below.

Chapter 1 introduces the background of this research and presents the research objectives.
It also provides the control methods used for a grid-connected inverter.

Chapter 2 describes the 1 kW Texas Instruments single-phase grid-connected inverter with
an LC filter and its mathematical model.

Chapter 3 explores the grid impedance effect on the stability of a single-phase grid-
connected inverter based on an analysis of the inverter output impedance. By modeling the output
impedance of the inverter, it can be determined that the proportional gain and integral gain of the
controller have an effect on the output impedance. Analytical and experimental results show that
by adjusting the PI controller parameters, the ability for harmonic reduction and stability of the
system can be improved.

Chapter 4 investigates the state variable feedback control combined with a PI/PR controller
for a single-phase grid-connected inverter operating under weak grid conditions. State feedback

control can offer full controllability, which can enhance stability and increase damping to reduce



the LC filter resonance. A PI/PR compensator is augmented with state feedback control to achieve
a more accurate current reference tracking. Therefore, state feedback control combined with a
PI/PR controller has been utilized to maintain inverter performance under weak grid conditions.

Chapter 5 introduces a gain scheduling control strategy based on grid impedance estimation
to adjust the controller parameters so that the system is robust to grid impedance variations. An
optimal gain is determined based on the controller bandwidth of the system and the phase margin
of the system. Simulation and experimental results demonstrate the effectiveness of this method.

Chapter 6 presents a grid current observer based compensation control for a single-phase
grid-connected inverter that is connected to a weak grid. Two different compensation control
structures are proposed. One is a feed forward method, which uses estimated grid current as a feed
forward signal. The other one is a modified disturbance observer method, which compensates for
the estimated disturbance. Disturbance rejection ability can be improved by adopting these
methods.

Chapter 7 presents conclusions and suggestions for future work.



CHAPTER 2 SINGLE-PHASE INVERTER TESTBED AND MODEL

The control performance of the grid-connected inverter will be affected when it is
connected to a weak grid. Therefore, it is necessary to design a robust controller to improve the
control performance of the grid-connected inverter under a weak grid. Before investigating the
design of the inverter controller, a mathematical model describing the system is needed. In this
chapter, a 1 kW Texas Instruments single-phase grid-connected inverter with an LC filter is
introduced. Its continuous time and discrete time models are developed. This experimental testbed
was utilized to verify the effectiveness of the control strategies proposed in later chapters.

2.1 Inverter Description

Figure 2.1 shows the 1 kW Texas Instruments single-phase grid-connected inverter. Its
main function is to convert the DC power into grid-synchronized AC power. The main components
of the inverter include IGBTs, DC capacitance, an LC filter, a microcontroller board, analog

measurement circuits and other auxiliary circuits for safety.

Figure 2.1 Photograph of the Texas Instruments 1 kW single-phase grid-connected inverter.



2.1.1 Power Stage

Figure 2.2 shows a schematic diagram of the single-phase grid-connected inverter. The
inverter is connected to the grid through an LC filter, which consists of the inverter side inductance
L and the filter capacitance Cs. Ry is the parasitic resistance of inverter side inductance. Two filter
inductances are employed to attenuate the common mode noise current in the circuit. In addition,
electromagnetic interference (EMI) effects are reduced. Vqc is the input DC link voltage, and Viny
is the output voltage of the H-bridge inverter. The inductor current, i, is sensed for current control
to regulate the injected current with lower harmonics and unity power factor. A phase lock loop
(PLL) is used to synchronize the inverter current reference with the grid voltage. The current

reference magnitude lref is set in the microcontroller according to the specified active power of the

inverter.
+
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Figure 2.2 Schematic structure of a single-phase grid-connected inverter.
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The filter inductance was designed mainly based on the desired inverter output current
ripple [2]. The maximum current ripple can be expressed as: Al =V, T, /4L . Therefore, a7 mH

inductor was selected to make the maximum current ripple within 20% of the rated output current.
A 1 uF capacitor was selected to provide reactive power less than 5% of the rated power [2]. The
system parameters for the inverter shown in Figure 2.2 are provided in Table 2-1 [42].

Table 2-1 System Parameters [42]

System Parameter Symbol Value
DC-link Voltage Vic 380V
Utility Grid Voltage Vg 120V
Fundamental Frequency fo 60 Hz
Inductor Parasitic Resistance Rt 0.4Q
Filter Inductance L 7mH
Filter Capacitance Ct 1uF
Switching Frequency fow 19.2 kHz
Sampling Frequency fs 19.2 kHz
Voltage Sensor Gain Hy 0.001
Current Sensor Gain Hi 0.0484

2.1.2 Controller Stage
The TMS320F28M35 microcontroller card, shown in Figure 2.3, is used for digital control
of the inverter system. The main peripherals used are [43]:
e Enhanced pulse width modulator (ePWM)
The ePWM module has the following features: 16-bit time-base counter, two PWM outputs,
dead-band generation, trigger the ADC start of conversion (SOC), and PWM chopping by high
frequency carrier signal. This module is responsible for PWM generation to drive the IGBTs in

the inverter. The duty ratio calculated by the current controller is loaded into the PWM compare

11



register to produce the PWM output signals, which are made available to the driver circuit through
the GPIO peripheral.
e Analog-to-Digital Converter (ADC)
The ADC module includes two 12-bit ADC cores with built-in dual sample-and-hold (S/H).
It is responsible for converting the analog voltage and current measurements to digital signals used

for the control loops, background routines and safety check.

annnnn

Figure 2.3 Photograph of the TMS320F28M35 microcontroller card.

2.2 Mathematical Model

A mathematical model of the grid-connected inverter is necessary for controller design and
performance analysis. Therefore, a continuous time model and a discrete time model of the inverter
circuit shown in Figure 2.2 are developed, respectively.
2.2.1 Continuous Time Model

Since the VSI switching frequency is sufficiently higher than the power system
fundamental frequency, the inverter circuit in Figure 2.2 can be represented by an “average
switching model” [44] [45]. The inverter switches are represented by their average value over each

carrier interval vin(t), as shown in Figure 2.4.

12
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Figure 2.4 Average model of a single-phase grid-connected inverter.
A set of differential equations describing the plant system is developed according to

Kirchhoff’s laws. The circuit equations can be derived as follows:

L, diaft) LR (1) =V, (1) =V, (1) (2.13)
c, d"a_t(t):iL(t)_ig (t) (2.1b)

The continuous time plant model is developed by taking the Laplace transform of the
differential equation (2.1a). The transfer function between inductor current and the difference

between the inverter output voltage and the capacitance voltage can be derived as

I.(s) 1

Ga(s) TV (sL) ~V,(s) L;s+R,

(2.2)

Since many power converters are controlled using a digital microcontroller, a sampling and
computation delay will be introduced [46-48]. The current signal is sampled by an analog-to-
digital converter, which introduces a sampling delay. This delay is caused by the zero-order hold
(ZOH) effect, which is a half sampling period. The time domain diagram from sampling input to
drive output is depicted in Figure 2.5. During the sampling period Ts, the sampled current i(k) is
used to calculate the duty ratio value d(k). u”(k) is the PWM reference value loaded into the PWM
compare register. It cannot be updated until the next time instant (k+1)Ts. The time interval
between the sampling instant and PWM reference update instant is called the computation delay,

which is one sampling period.
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Figure 2.5 Delay introduced by symmetric PWM and sampling processes.
Therefore, the total delay can be approximated as one and a half of the sampling period. It

can be modeled by using an exponential delay model in continuous time.

1-e%% 1 4 15T, 1
Gy(s)=———e """ =" r—— 2.3
() s T T,5+1 (23)

where Tq = 1.5Ts, and Ts is sampling period.

Since the switching frequency is sufficiently high, the pulse width modulator will have
negligible impact on the inverter control dynamics. Therefore, the inverter bridge can be
represented by a constant gain Kpwm, Which is 1 for simplification [45]. The inverter circuit in

Figure 2.2 can be represented by its average model block diagram form as shown in Figure 2.6.

\/

Controller Vinw +
. —» G,(s) B K —
output signal 0 (3) pwm _ % L,;s+R; sC,

Figure 2.6 Block diagram for a single-phase grid-connected inverter.
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2.2.2 Discrete Time Model

The direct discrete design of the current controller requires a discrete time model for the
inverter system. This can be achieved by converting the continuous time state space model to its
discrete time state space model. The continuous time state space model for the single-phase grid-
connected inverter can be derived according to (2.1a) and (2.1b), as shown in (2.4).

X(t)= Ax(t)+Buv,, (t)+Ei, (t)

nv

y(t)=Cx() e

where the state variables are the inductor current and capacitor voltage, x=[i_ v, ]T . The control

input of the system is the inverter output voltage vin, and the grid current ig can be considered as
a disturbance input to the system. The switching cycle averaged inverter output voltage Viny is
considered to be constant during sampling period. The state transition matrix A, input matrix B,

disturbance input matrix E, and output matrix C are:

A:[—]F;fc/fl_f —J{)Lf} B:F/‘I)_f} E:[_]/OCJ C=[1 0] (2.5)

The discrete time state space model is established in (2.6). Taking the zero-order hold effect
into consideration leads to the following relationships between the continuous and discrete

realization matrices:

X, [k +1] = Fy%, [K]+ GV [K] + 34, [K]

nv

4, K= Hyx, ] o
where
R =t =L {(s1 - A)"|
Gy =] e*drB J, = e~dE 27

H,=C
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Wyes = J]/Lfo is the resonant frequency of the LC filter. Since Rt is small, it’s ignored in (2.7).

Due to the computation delay between the inverter output reference voltage and inverter output

voltage, another state equation should be considered.
Vi [ K] = Vi [k +1] (2.8)

where v;, is the inverter output reference voltage. Therefore, the discrete time state space model

{vxil[[kkiﬂ{? %M[kk]ﬂ*mvﬁw[”{ch Juw

R S S —

can be expressed as:

x[k+1] F x[k] G ’ (2.9)
y[k]=[1 0 O]x[k]
H

2.3 Grid Modeling

Grid impedance is an essential parameter for power grid modeling. It depends on the power
grid structure and the connected loads. An accurate grid impedance model could be achieved by
measuring the grid impedance at the point of interest. By injecting a harmonic current and
measuring the voltage response, the grid impedance can be estimated [49, 50, 51]. Grid modeling
based on the impedance measurement has been explored by many researches [52, 53, 54, 55, 56],
and is beyond the scope of this work. Most of the voltage source inverters are installed at the
distribution level, which mainly consists of long distribution lines and low power transformers as

shown in Figure 2.7.
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Figure 2.7 Impedance model representation of a distribution grid with an inverter connected [45].

To develop an equivalent network model at the point of common coupling (PCC) is
important for the transient and steady state analysis of the grid-connected inverter system. The
distribution system presents less interaction with residential area loads [34]. Therefore, from the
inverter control point of view, the grid impedance at the PCC can be modeled as a paralleled
capacitor and an inductor in series with a resistor [53] as shown in Figure 2.8. The capacitive
impedance is introduced by the distribution line, transformer and reactive power compensation,
and can cause a resonance phenomenon [36,48]. This would make the grid impedance

characteristics more complex.
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i
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|
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Filter
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Figure 2.8 Grid modeling at PCC with an inverter connected.
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The analysis of grid impedance effect on the inverter system is performed mainly in the
low frequency range. For simplification, an assumption is made that the parallel capacitor effect is
negligible at low frequency [53]. Therefore, the grid at the PCC can be modeled by its Thevenin
equivalent circuit, consisting of an ideal voltage source in series with the grid impedance, as shown

in Figure 2.9.

e
Filter
)
N
<

grid model

Figure 2.9 Simplified grid model at PCC with an inverter connected.

2.4 Experimental Testbed

An experimental testbed is utilized to verify the proposed control schemes. Figure 2.10 is
a diagram of the experimental system. The single-phase VSI is directly coupled to the grid through
a 1 kVA 1:1 isolation transformer. R; is a resistor load required by TI for grid-tie operation. A
Chroma programmable AC source model 61504 was utilized to simulate the grid voltage. All
waveforms were recorded with a Tektronix MDO 3024 oscilloscope, and the harmonic analysis
was performed by this scope. The grid impedance is modeled by an adjustable discrete impedance,
which was inserted between the inverter and the AC source. Since the grid resistance offers a
certain degree of damping, which can stabilize the system, a pure inductance is considered here to

represent the worst condition.
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Figure 2.10 Configuration of the experimental system.

2.5 Inverter Operation without Current Control

Figure 2.11 is a block diagram for the single-phase grid-connected inverter without current
controller. Experiments of inverter operation without a current controller were performed for ideal
grid and distorted grid (10% 3rd harmonic, 5% 5th harmonic and 3% 7th harmonic) under different
grid impedances (Lg =1.5mH, 2.5 mH, 6.5mH, 10.5 mH, 13.5 mH and 19.5 mH), which are shown
in Figure 2.12 and Figure 2.13. The inverter output current harmonic analysis for an ideal grid and
for a distorted grid are given in Table 2-2 and Table 2-3. It can be seen that without current control
the harmonics of the inverter output current are much larger than the requirement set by the

standard shown in Table 1-1.

Vg
iref + e Vinw + - 1 iL + 1 Ve + -
G,(s) -» K > — >
~ s (5) pum L,s+R, B¢ sC;,
]
1
sL,

Figure 2.11 Block diagram for a single-phase grid-connected inverter without current controller.
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Figure 2.12 Inverter output voltage and current under different grid impedances.

Table 2-2 Inverter Output Current Harmonics for an Ideal Grid

Harmonic Order | Lg=15mH Lg=25mH Lg=6.5mH Lg=105mH | Lg=135mH | Lg=19.5mH
3rd 9.03% 8.29% 7.72% 7.25% 7.29% 7.75%
5th 5.03% 5.09% 5.49% 4.90% 4.67% 4.79%
Tth 3.12% 3.14% 3.15% 3.22% 3.08% 3.18%
9th 1.99% 2.09% 1.95% 2.06% 2.00% 1.93%
11th 1.22% 0.99% 0.86% 0.69% 0.95% 0.83%
13th 1.18% 1.19% 0.98% 1.30% 0.96% 0.81%
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Figure 2.13 Inverter output voltage and current under different grid impedances.

Table 2-3 Inverter Output Current Harmonics for a Distorted Grid

Harmonic Order Lg=15mH Lg=25mH Lg=6.5mH Lg=10.5mH Lg=13.5mH Lg=19.5mH
3rd 10.96% 9.88% 9.71% 9.87% 9.37% 9.43%
5th 6.53% 5.60% 6.18% 6.49% 5.65% 5.74%
7th 3.55% 3.61% 3.80% 3.43% 3.46% 3.47%
9th 1.91% 1.73% 2.06% 1.81% 1.94% 2.01%
11th 0.74% 0.74% 0.91% 0.72% 0.72% 0.82%
13th 1.14% 0.86% 0.93% 0.84% 1.08% 0.91%
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CHAPTER 3 IMPEDANCE-BASED CONTROLLER DESIGN

As mentioned in the Chapter 1, the grid impedance can affect the inverter control
performance and the stability of the inverter system [1,3,4,11]. The output impedance of the
inverter can give an insight into the robustness and the harmonic rejection ability of the control
system. Both the robustness and the harmonic rejection ability of the grid-connected inverter can
be changed by shaping its output impedance [11, 57]. In this chapter, the inverter output impedance
model is developed, and the relationship between the inverter output impedance and the grid
impedance is investigated in the frequency domain. Through the analysis of the inverter output
impedance in the frequency domain, the controller parameters can be adjusted to change the
inverter output impedance so as to improve the system stability. The experimental testbed
introduced in Chapter 2 is used to verify the effectiveness of the theoretical analysis.

3.1 Introduction

The inverter controller is usually designed by assuming an ideal grid, that is, a sinusoidal
voltage source without any impedance. However, in the case of long distribution lines and lower
power transformers, the grid can have a large impedance, which will degrade the inverter control
performance [3]. Researchers have shown that the low frequency gain and bandwidth will be
seriously decreased by the grid impedance [31,40].

In order to study the effect of grid impedance on the stability of the inverter system, the
output impedance of the inverter can be utilized. The interaction between the grid-connected
inverter and the utility grid has been studied by many researchers based on impedance analysis in
the frequency domain [11, 58, 59, 60]. The stability of the system can be examined by the ratio of

the grid impedance to the inverter output impedance [11]. One approach to reduce the effect of the
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grid impedance is to shape the inverter output impedance correspondingly to improve the stability
of the system. Therefore, the output impedance shaping based method is explored under a weak

and distorted grid.

3.2 Inverter Output Impedance
3.2.1 Controller Design

PI control is commonly used in the stationary reference frame for inverter current control
[19]. The inductor current of the inverter is controlled by a single-loop P1 current controller. The

control structure of a single-phase grid-connected inverter is presented in Figure 3.1.
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Figure 3.1 The control structure of a single-phase grid-connected inverter.

The requirement of the current controller for the system performance and stability can be
specified by small steady-state error, fast dynamic response and sufficient stability margin. These
specifications can be determined by the open loop gain, cutoff frequency (f¢), phase margin (PM),
and gain margin (GM) of the system. Generally, fc is designed to be 1-2 kHz for fast dynamic
response, PM in the range between 30° and 60° for good dynamic response and robustness, and

GM > 3-6 dB for system robustness [60, 61].
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Figure 3.2 Control block diagram for a single-phase grid-connected inverter.
Figure 3.2 shows the control block diagram for the single-phase grid-connected inverter.
The open loop transfer function from the current reference iret to the inductor current i can be

expressed as:

K punGe (8) G (8)

G S)=
openl( ) SLf + Rf (31)
The transfer function of a Pl controller is as follows:
k.
G, (s)=k, +?' (3.2)

where kp is the proportional gain and k; is the integral gain. The proportional gain is usually
designed to achieve unity gain at the cutoff frequency (wc). The magnitude of the open loop
transfer function from the inductor current to the reference current at the cutoff frequency can be

expressed:

KounG: (5)Cs (3))
sL; +R;

Gopenl (S)‘ = = 1 (33)

s=jay,

Because Ry is usually small, it is ignored here. G¢(s) can be approximated to kp at the cutoff

frequency [61]. Therefore,

p

1 :
k :K—‘_Ldea)cz + Ja)ch‘ (3.4)

pwm

The desired phase margin can be expressed by (3.5).
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KpmGs (3) G (5)]

PM =180" + £ — =
LR, | (3:5)
The integral gain can be calculated by (3.6).
= k @, —k, 0T, tan(PM) (3.6)

' T, +tan(PM)

Since the current controller is implemented in the microcontroller, the calculated kp and ki

must be converted to the corresponding parameters in the software. Both voltage and current are
sensed by measurement circuits; therefore, the voltage sensor gain Hy, and the current sensor gain

Hi should be considered. The relation between the actual error signal e and the error signal in the
software e’ can be expressed by €'(s)=H,-e(s). Similarly, the calculated voltage signal by the
controller in the software u’ can be converted to the actual signal in the plant u by

u(s)=u’(s)/H, . Therefore, the relationship between the actual current controller G, (), shown

in Figure 3.2, and the controller implemented in the software G_'(s) can be derived.

6, (s) u(s) _ u'(s)/H.V _Gi(s)- H

. (3.7)

The cutoff frequency f. was set about 1.7 kHz and phase margin was set to 45°. The value
of the proportional gain and integral gain set in the microcontroller were kp = 2 and ki = 2000. The
bode plot of the uncompensated system (without a current controller) and the compensated system
(with current controller) are shown in Figure 3.3. The open loop gain of the compensated system
at the fundamental frequency fo is 40 dB, which ensures that the tracking error of the inductor

current is less than 1%.
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Bode Diagram

compensated
uncompensated

Frequency (Hz)
Figure 3.3 Bode plot of the compensated and uncompensated system.
3.2.2 Inverter Output Impedance
Stability analysis of a grid-connected inverter can be carried out by applying the
impedance-based stability criterion. Therefore, the inverter output impedance needs to be derived

first. Figure 3.2 can be simplified to Figure 3.4 by block diagram equivalent transformations.

«

Y+

(b)
Figure 3.4 Block diagram equivalent transformation for Figure 3.2.
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The resulting transfer function of Gi(s) and G2(s) can be expressed by:

K pum G2 (8) Gy (5)

G =
()= T5TR, +K,.6.(5)6, (5) (38)
sL; +R; +K_,..G.(S)G, (S

GZ(S)Z > f+ f+ pwm c() d() (39)

s°L,C, +sC(R; +sC,K .G, (s)G, (s)+1
The output impedance of the inverter can be derived by:

A sL, +R; +K .G (S)G, (s

2,(s) _()I __ R+ K (5) Gy (5) (310
—ig(s)]. , S°L¢C; +sCR; +sC(K,,,G.(s)G,(s)+1

Therefore, the single-phase grid-connected inverter with an LC filter can be modeled by
the Norton equivalent circuit shown in Figure 3.5. The inverter is represented by a current source
and a parallel output impedance, and the utility grid is modeled by a voltage source and a grid
impedance [11]. In this effort, only the grid inductance is considered in the analysis as a worst case

scenario. In reality, the grid resistance will help to stabilize the system.

LD [Jz.(5) Vl(s) OV,

Figure 3.5 Small-signal representation of an inverter-grid system [11].

An expression for the inverter output current can be calculated by:

V
| ( )_ IS(S)ZO_ g(S) (3.11)
’ Z,+2, Z,+Z,
1 Z
1y (5) = ———1,(s)-—2Z_v, (s) (312
1+2,/2, 1+2,/2,
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This model is valid if the grid-connected inverter is stable when the grid impedance is zero
[11]. From (3.12), it can be seen that in order to mitigate the effect caused by grid impedance
variation, the inverter output impedance should be designed as high as possible to operate stably
over a wide range of grid conditions [4,11]. Because the grid voltage at the PCC is often subject
to background distortion at low frequency harmonics, reducing the impact of grid voltage
distortion on the inverter output current can also be achieved by increasing the inverter output
impedance [3]. By analyzing (3.10), it can be found that the inverter output impedance depends on
the current control loop design and output filter of the inverter. Therefore, the inverter output

impedance can be shaped by adjusting the controller parameters to improve the system stability.

3.2.3 Impedance Based Stability Analysis

When the inverter is connected into a utility grid, the grid impedance can influence the
inverter control performance. Figure 3.6 shows the relationship between inverter output impedance
and grid impedances in the frequency domain for two different grid impedances (6.5mH, 10.5mH).
According to [58,59,60], the stability of the inverter depends on the phase difference between the
grid impedance and the inverter output impedance at the frequency where these two impedances
intersect in magnitude. The phase difference between the two impedances should be less than 180°.
From Figure 3.6, with an increase in the grid impedance, the phase margin is decreasing, which

implies the system is less stable.
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Figure 3.6 Bode plot of the inverter output impedance and different grid impedances.
In order to enhance the stability of the system under a wide range of grid impedance, the
phase margin should be increased. The magnitude of the inverter output impedance also needs to
be designed as high as possible to get better harmonic rejection ability. This can be achieved by

selecting the current controller parameters.

3.3 Inverter Output Impedance Shaping
3.3.1 Controller Parameter Effects on Output Impedance

The controller parameters ky, and k; are tuned to investigate their effect on the inverter
output impedance. As seen in Figure 3.7, the lower frequency part of the bode diagram shows that
the magnitude of the inverter output impedance increases with increasing kp, which improves the
ability for harmonic reduction. It also can be seen that the phase margin is decreasing, which means
the system might become less stable.

The integral gain of the PI controller mainly affects the inverter output impedance in the

low frequency part as shown in Figure 3.8. With increasing ki, the magnitude of the output
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impedance is increased while the phase margin is decreased a little. The effect of changing the

integral gain k; (200, 2000, 4000) is not as significant as the effect of changing the proportional

gain kp (1, 2, 3). Therefore, we need to combine adjusting these two parameters together to shape

the inverter output impedance, while not affecting the controller performance.

Magnitude (dB)

Phase (deq)

Bode Diagram
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Figure 3.7 Bode plot of inverter output impedances and grid impedance (kp changes).
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Figure 3.8 Bode plot of inverter output impedances and grid impedance (ki changes).
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3.3.2 Circuit Parameter Effects on Output Impedance

From (3.10), it can be seen that the inverter output impedance depends on the circuit
parameters and controller parameters. In reality, the circuit parameters can change due to the
temperature variation of the surrounding environment. Therefore, it is necessary to explore the
effect of circuit parameter variations on the inverter output impedance. Since the parasitic
resistance of the filter inductor has little effect on the inverter output impedance, the resistance
variation is not investigated here.

From Figure 3.9, it can be seen that the frequency response of the inverter output
impedance shifts to the left slightly as the inductance increases. It mainly affects the magnitude
and phase of the inverter output impedance around the peak. As shown in Figure 3.10, with an
increase in the filter capacitance, the magnitude of the inverter output impedance remains
unchanged in the low frequency range, but it decreases in the high frequency range. The phase

margin of the inverter output impedance is also decreased.

Bode Diagram

0oL

g — 4L

Frequency (Hz)

Figure 3.9 The inverter output impedance sensitivity to inductance variation.
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Bode Diagram
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Figure 3.10 The inverter output impedance sensitivity to capacitance variation.

3.4 Simulation and Experimental Results
3.4.1 Simulation Results

The system shown in Figure 3.1 was simulated by MATLAB/Simulink to validate the
theoretical analysis. The system parameters are given in Table 2-1. For the simulation, the utility
grid voltage is modeled by 7% third harmonics and 5% fifth harmonics and 3% seventh harmonics
with phase 30°, 90° and 270°, respectively.

Figure 3.11 and Figure 3.12 show the simulation results when the proportional gain was
changed from k, = 2 to kp = 3 with a grid impedance of 19.5 mH. The inverter output current total
harmonic distortion (THD) is 4.30% and 3.76%, respectively. The harmonic reduction ability is
improved, which validates the analysis. Figure 3.13 and Figure 3.14 show the simulation results
when the integral gain was changed from k; = 200 to ki = 4000 with the same grid impedance. The
inverter output current THD is 4.83% and 4.51%, respectively. Table 3-1 and Table 3-2 show the

harmonic analysis of the inverter output current.
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Figure 3.11 Output voltage and output current when Ly = 19.5 mH (kp = 2).
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Figure 3.12 Output voltage and output current when Lg = 19.5 mH (kp, = 3).
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Table 3-1 Inverter Output Current Harmonics for a Distorted Grid

Lg=6.5mH Lg=19.5 mH
Harmonic Order
kp=2 ko =3 ko =2 ko =3
3rd 0.71% 0.73% 1.12% 0.88%
5th 0.34% 0.42% 0.53% 0.17%
Tth 0.45% 0.33% 0.53% 0.32%
9th 0.16% 0.17% 0.24% 0.25%
11th 0.13% 0.15% 0.19% 0.18%
13th 0.16% 0.10% 0.12% 0.18%
THD 3.76% 3.51% 4.30% 3.76%
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Figure 3.13 Output voltage and output current when Lg = 19.5 mH (ki = 200).
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Figure 3.14 Output voltage and output current when Lg = 19.5 mH (ki = 4000).

Table 3-2 Inverter Output Current Harmonics for a Distorted Grid

Lg=6.5mH Lg=19.5mH
Harmonic Order
ki =200 ki = 4000 ki =200 ki = 4000
3rd 0.74% 0.52% 0.98% 0.74%
5th 0.29% 0.34% 0.49% 0.14%
Tth 0.46% 0.37% 0.45% 0.28%
9th 0.25% 0.14% 0.40% 0.28%
11th 0.01% 0.05% 0.12% 0.20%
13th 0.10% 0.15% 0.04% 0.11%
THD 3.77% 3.51% 4.83% 4.51%
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3.4.2 Experimental Results

The experimental testbed described in Chapter 2 was used to verify the effectiveness of the
method. The measured single-phase inverter output voltage and output current are presented in
Figure 3.15 - Figure 3.24. The inverter output current harmonics, measured by the Tektronix
oscilloscope, are given in Table 3-3 through Table 3-6. Under the ideal grid, the THD of inverter
output current was reduced from 4.94% to 4.65% by increasing the proportional gain of current
controller when the grid impedance was 19.5 mH. The output voltage and output current without
a PI controller was also measured for comparison to demonstrate that the current distortion can be
improved by adjusting the PI controller parameters. The THD of the inverter output current was
decreased from 5.09% to 4.73% by increasing the integral gain of the current controller when Lg

was 19.5 mH.

Tel

kRun: - {: : I
Current (2A/div)
/\ .

x

- Voltage (50V/div)

] Trig’d

(@ suov € 2004 2 J4.00ms 250k5/5 7 14 Sep 2016
10k points 2764 11:03:05

Figure 3.15 Output voltage and output current when Lg = 19.5 mH (without PlI).
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Figure 3.16 Output voltage and output current when Lg = 19.5 mH (k, = 2).
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Figure 3.17 Output voltage and output current when Ly = 19.5 mH (kp = 3).

Table 3-3 Inverter Output Current Harmonics for an Ideal Grid

Harmonic Order Lo =05 mA Lo =195 mH

No PI ko =2 ko =3 No PI kp =2 ko =3
3rd 6.87% 2.34% 1.54% 7.29% 2.70% 1.55%
5th 5.53% 1.52% 0.91% 5.71% 1.63% 0.72%
Tth 2.83% 1.77% 1.37% 2.64% 1.91% 1.67%
9th 1.70% 1.97% 1.61% 1.61% 2.20% 1.61%
11th 1.09% 1.00% 0.73% 1.09% 1.18% 0.86%
13th 1.03% 0.69% 0.77% 0.89% 0.91% 0.68%
THD 6.83% 4.85% 4.64% 6.61% 4.94% 4.65%

Tekhn [ I— — _l1rig'd

A Current (2A/div)

X

Voltage (50V/div)

50,0V 2004 @ Jf4.00ms 250k5/3 7 12 Sep 2016
10k points 2764 15:11:17

Figure 3.18 Output voltage and output current when Lg = 19.5 mH (ki = 200).

36



Telk Run _ I ] | Trig’d

Current (2A/div)

/

50,0 Y 2004 @ J[4‘00ms 250kS/5 o /7 ][ 12 Sep 2016]

10k points 2.76 & 14:25:28

b\

Voltage (50V/div)

Figure 3.19 Output voltage and output current when Lg = 19.5 mH (ki = 4000).

Table 3-4 Inverter Output Current Harmonics for an Ideal Grid

Harmonic Order Lo =65 mH L= 19.5mA
ki = 200 ki = 4000 ki = 200 ki = 4000
3rd 2.29% 1.82% 2.05% 2.33%
5th 1.80% 0.98% 2.01% 0.92%
Tth 2.02% 1.57% 1.77% 1.54%
9th 1.96% 2.13% 1.93% 1.58%
11th 0.72% 1.31% 0.63% 0.77%
13th 0.54% 0.94% 0.40% 0.54%
THD 5.28% 4.78% 5.09% 4.73%

Under the distorted grid, the THD of inverter output current was reduced from 5.21% to

4.69% by increasing the proportional gain of current controller when the grid impedance was 19.5
mH. The THD of the inverter output current was decreased from 5.28% to 4.74% by increasing
the integral gain of the current controller. As can be seen from these results, the THD of the inverter
output current can be reduced by adjusting the PI controller gains. In this experimental testbed, the
single-phase inverter is connected to the AC source through a 1:1 transformer and relay. The
impedance of the transformer and relay were not accounted for in the modeling, which might make

the actual grid side impedance larger than the grid impedance (19.5 mH). As a result, the THD of
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the experimental results are higher than the THD from the simulation results. But it’s still in

agreement with the theoretical analysis.
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Figure 3.20 Output voltage and output current when Lg = 19.5 mH (without PlI).
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Figure 3.21 Output voltage and output current when Lg = 19.5 mH (kp, = 2).
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Figure 3.22 Output voltage and output current when Lg = 19.5 mH (k, = 3).
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Table 3-5 Inverter Output Current Harmonics for a Distorted Grid

Lg=6.5mH Lg=19.5mH
Harmonic Order

No PI ko =2 ko =3 No PI kp =2 ko =3

3rd 7.62% 3.80% 2.71% 8.10% 3.47% 2.39%
5th 3.56% 1.68% 1.52% 4.43% 1.92% 0.76%
Tth 4.51% 1.90% 1.28% 3.90% 2.02% 1.24%
9th 1.64% 1.57% 1.14% 1.61% 1.95% 1.45%
11th 1.13% 0.85% 0.55% 1.09% 1.22% 0.94%
13th 1.05% 0.92% 0.52% 1.08% 0.74% 0.74%
THD 6.91% 5.09% 4.77% 6.86% 5.21% 4.69%
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Figure 3.23 Output voltage and output current when Lg = 19.5 mH (ki = 200).
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Figure 3.24 Output voltage and output current when Lg = 19.5 mH (ki = 4000).
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Table 3-6 Inverter Output Current Harmonics for a Distorted Grid

Lg=6.5mH Lg=19.5 mH
Harmonic Order

ki = 200 ki = 4000 ki = 200 ki = 4000

3rd 3.65% 2.78% 2.89% 2.75%

5th 1.51% 1.59% 1.06% 1.62%

Tth 2.64% 1.36% 2.32% 1.59%

9th 1.67% 1.59% 1.71% 1.89%

11th 0.86% 1.06% 0.60% 0.85%

13th 0.89% 0.95% 0.58% 0.78%

THD 5.51% 4.85% 5.28% 4.74%

3.5 Conclusion

Introduced in this chapter is a method to increase the output impedance of a single-phase
grid-connected inverter with an LC filter to improve the stability and harmonic reduction ability
of the system when the inverter is connected to a weak distorted grid. By modeling the output
impedance of the inverter, the relationship between output impedance and grid impedance can be
investigated. The grid impedance can degrade the control performance of the inverter and make
the system less stable. In order to mitigate this effect, Pl controller parameters were adjusted to
increase the output impedance, which can improve the ability for the harmonic reduction and the

stability of the system. Finally, simulation and experimental results verify the effectiveness of the

proposed method.
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CHAPTER 4 STATE FEEDBACK CONTROLLER DESIGN

The focus of this chapter is to develop a discrete time model based state feedback control
combined with a PI/PR controller for a single-phase grid-connected inverter with an LC filter
operating under weak grid conditions. In distribution system, variations in the grid impedance can
degrade the performance of the inverter. State feedback control offers full controllability, which
can enhance stability and increase damping to reduce the LC filter resonance. By using the pole
placement design, the state feedback control combined with a PI/PR controller can achieve high
bandwidth and suitable stability margin. Therefore, this method has been utilized to maintain
inverter performance under weak grid conditions. The impact of grid impedance variations on the
closed-loop system has been analyzed. Circuit parameter sensitivity analysis is also performed to
verify the robustness of this method to parameter uncertainty. Compared with conventional current
feedback control (Pl control, PR control), the proposed method is more robust to the grid
impedance variation even under a distorted grid.

4.1 Introduction

Classical control theory is based on output feedback; however, state feedback control can
give full controllability [31]. State feedback control has been used in many applications such as an
uninterruptible power supply and is considered to be more comprehensive than the conventional
single variable transfer function based design. The pole locations of a closed-loop system can be
assigned by different approaches such as deadbeat control [27,28], linear quadratic regulator
method [30] and pole placement method [32,35,36, 62]. Deadbeat control is realized by placing
all the poles at the origin. It can give a fast dynamic response, but it is sensitive to measurement

noise and model uncertainties. Linear quadratic regulator can offer good stability margins and
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robustness [30]. This method aims to minimize a quadratic cost function. However, the need to
solve the Riccati equation numerically makes this method complex. Pole placement is a direct
approach, which can straightforwardly specify the closed-loop performance in terms of pole and
zero locations [31].

Closed-loop performance requirements are related to the common design requirements
such as damping ratio and bandwidth to define the controller’s response [31,33]. The pole natural
frequency can determine the system bandwidth, and the damping ratio can determine the system
overshoot [33]. By proper selection of the poles of the closed-loop system using this direct
approach, system stability and dynamic response can be guaranteed, and sensitivity to parameter
uncertainties in the system also can be reduced.

The discrete time model developed in Chapter 2 is used for the design of the state feedback
based control combined with a PI/PR controller. The proposed controller is designed based on the
pole placement method to reduce the impact of grid impedance variations on the control
performance. The state feedback gain and PI/PR control parameters can be determined from the
circuit parameters, and the desired poles and zeros specified for system stability and dynamic
performance.

4.2 State Feedback combined with PI control
4.2.1 Controller Design

Since the control is implemented digitally, the discrete state space model in (2.9) is used

here for control design and performance analysis. Before designing the state feedback control, the

controllability of the system needs to be checked. By calculating the controllability matrix of the
discrete system given by [G FG FZG], the controllability matrix is full rank, which means

the system is fully controllable.
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Although the state feedback control can improve the stability and introduce damping ability
to reduce the resonant peak of the LC filter, only using state feedback control can yield steady state

error. In order to get an accurate reference tracking, a P1 controller is utilized.

o 4 u_~Vi Vine + T i+ T v,
G, (s )Gy ()] K [ Loy o

_ c( ) d( ) pwm At?—» SLf SCf E

State Do ARt ;

feedback P F :

Figure 4.1 Control block diagram for a single-phase grid-connected inverter.
The discrete time PI controller is given in (4.1). The configurable zero generated by the Pl
controller can improve the reference tracking performance. The control structure of the system is

as shown in Figure 4.1.

kT, k,(z2-2)
G =k i's __Pp 1 4.1
C(Z) p+1_z—1 Z—l ( )

The control law used for state feedback is defined as:

Vo, =U—Kx=u-[k, k, k;]x (4.2)
where u is the output signal of the PI controller, and K is the state feedback gain matrix. The
discrete time state space equation in (2.9) can be rearranged:

X[k +1] = (F —GK ) x[k]+ Gu[k]+ Ji, [k]
y[K= e[ 7
In order to calculate the poles and zeros of the system, the transfer function of the plant

system must be derived. The open loop transfer function from controller output signal to inductor

current is expressed as follows:
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ko (z2—-1)
’+az’+a,z+a,

G :iL(Z):H[zI—(F—GK)TG: (4.4)

where

res s

a, =ky/H, —2c0s(®,,T,)

res s

8, =[ Cok@sin(m,T,) +k, —k, €08 (9,,T, ) — 2k; €08 (@,,,T, ) + H, |/H,

3, =[ ~C kwsin(m,T,) -k, cos (e, T, ) +k, +k, | /H,

res ° s

k_CHsma)T/H

res S

The closed-loop transfer function from the inductor reference current to the inductor
current can be derived in terms of circuit parameters and control parameters. Figure 4.2 presents

the block diagram of the system in discrete time.

() G(2)6,(2) _ ok, (2-2)
(1) 1G.(2)G, (1) Trarraztakk,(zg)

G, (2)

The closed-loop transfer function can be rewritten in pole-zero format.

kokp(z—zl)

)= )P (2w

Gy (

(4.6)

et + + v x[k+1] x[K] i,

Figure 4.2 Block diagram of the system in discrete time.
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Since the system is completely controllable, pole locations of the closed-loop system can
be arbitrarily chosen inside the unit circle in the complex plane. The pole locations of the closed-
loop characteristic equation affect the stability and the ability to reject disturbances for the system.
Therefore, they should be placed at a desired location based on the control specifications.

In the open loop system, there are three poles and one zero as shown in Figure 4.3. The PI
controller has a pole located at 1 on the real axis and one configurable zero. Although the closed-
loop system is a fourth-order system, only three poles can be placed at desired locations. Because
in the closed-loop system the one pole at 1 is canceled by the open loop zero at 1. According to
the pole placement method, choose the closed-loop poles as a desired pair of dominant second-
order poles. Select the rest of the poles to have real parts corresponding to sufficiently damped
modes so that the system will perform as a second-order response with reasonable control effort.
Therefore, choose one pole to be real and the other two poles to be a complex conjugate pair. The
PI controller zero can be placed near the real pole to counteract its effect.

In general, a complex pole is characterized by its damping ratio & and its natural frequency
n [31]. They are both related to a continuous time system, and must to be mapped to the discrete
time domain through z =e*™>. The desired discrete poles are given in (4.7) and shown in Figure
4.3 [32,33].

p=07 z=11p

Py, =€ [cos(a)de)J_r jsin(ayT, )] (4.7)

where @, = o, h—gz , Cissetto 0.7 (0.4< £<0.7), and wn is set to 0.37/Ts (0.27/Ts< wn <0.57/Ts).

The resulting control parameters and state feedback gain matrix are:

[k, k]=[1.386 7948.8]
K =[-0.0537 -0.0011 0.0001]
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Figure 4.3 Pole and zero locations for the open loop system (blue) and desired pole and zero
locations for the closed-loop system (red).

With the desired three closed-loop poles and one configurable zero, there are five unknown
control parameters to be determined. Therefore, the proportional gain of the PI controller kp is
designed according to the open loop bode plot shown in Figure 4.4. With an increase of kp, the
magnitude improved greatly while the phase margin doesn’t decrease much. In order to have a
system with good tracking performance and stability, ko was chosen to be 1.386. Once k; is
determined, the other four unknown control parameters can be calculated by substituting the

desired poles and zeros into the closed-loop system in (4.5).
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Figure 4.4 Open loop bode plot of the system.

4.2.2 Stability Analysis

The stability analysis is evaluated by the examination of the poles of the closed-loop system
[32]. Variations in the grid impedance impact the locations of the poles and zeros for the proposed
controller as illustrated in Figure 4.5. It can be seen that the conjugate poles tend to approach the
unit circle as the grid impedance increases. Note that the system remains stable until Lg =49 mH.
In comparison, the system becomes unstable for Lg = 28 mH when utilizing only a PI controller

(See Figure 4.5). Therefore, the proposed method is more stable under grid impedance variation

than utilizing only a PI controller.
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Figure 4.5 Pole and zero locations of the closed-loop system using PI + state feedback control

(top) and pole and zero locations of closed-loop system using only PI control (bottom).

4.2.3 Circuit Parameter Robustness Analysis

In practice, the circuit parameters can vary from a nominal value due to environmental
conditions such as temperature changes. Therefore, it is necessary to explore the effect of circuit
parameter variations on the pole locations of the closed-loop system. Since the parasitic resistance
of the filter inductors can improve damping into the system which can increase the stability, the

resistance variation is not investigated here.
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The robustness of the controller to the inductance variation was evaluated from 0.8Ls to
1.2L+. It is shown in Figure 4.6 that the closed-loop poles move toward to the unit circle as the
inductance increases. Variation of the capacitance from 0.8Ct to 1.2Cr was also investigated. As
indicated in Figure 4.7, capacitance variations have similar effect to the inductance variations

shown in Figure 4.6 as the poles approach the unit circle.

Figure 4.7 Poles and zeros of the closed-loop system when Ct changes from 0.8Cs to 1.2C:x.
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4.2.4 Simulation Results

To verify the effectiveness of the proposed method, traditional current feedback control
methods (PI control, PR control) are used for comparative analysis. Presented in Figure 4.8 is the
simulation results for the inductor current under an ideal grid, which is characterized by a single
frequency sinusoidal voltage, when the grid impedance was 13.5 mH. For PI control only, the
inductor current total harmonic distortion (THD) was 3.91%. For PR control, the inductor current
THD was 3.68%. The current THD was reduced to 3.38% when the PI controller was augmented

with state feedback control.
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Figure 4.8 Inductor current under ideal grid (Lg=13.5 mH).
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The utility grid voltage typically contains harmonics. The impact of grid voltage harmonics
was investigated through simulation. A distorted grid voltage, modeled by 10% third harmonics,
5% fifth harmonics, and 3% seventh harmonics, was implemented in the simulation. Figure 4.9
shows the simulation results for a grid impedance of 13.5 mH. The current THD was 4.51% for
the Pl only control and 4.07% for the PR control. When the PI controller was augmented with state
feedback control, the current THD was reduced to 3.78%. These simulation results indicate that
the P1 + state feedback control was effective in reducing the current THD as compared to the

traditional current feedback control.
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(c) PI + state feedback control
Figure 4.9 Inductor current under distorted grid (Lg=13.5 mH).
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4.2.5 Experimental Results

The first comparison of the proposed method (Pl + state feedback) and traditional current
feedback controller is for Ly = 13.5 mH under an ideal grid voltage. The output voltage and current
waveforms for this comparison are presented in Figure 4.10 - Figure 4.12. Note more distortion in
the current waveform for the PI controller and PR controller. From these results, it can be
determined that the PI controller and Pl + state feedback controller have a small steady state error
(3.6%) when following the reference current, while the PR controller can perform a more accurate

reference tracking.
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Figure 4.10 Output voltage and current using Pl control under ideal grid.
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Figure 4.11 Output voltage and current using PR control under ideal grid.
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Figure 4.12 Output voltage and current using Pl + state feedback control under ideal grid.

The second comparison of the control approaches is for a distorted grid voltage. Presented
in Figure 4.13 - Figure 4.15 are the waveforms of the output voltage and current. Based on a close
examination of the current waveforms, it appears that the Pl + state feedback controller yields a
less-distorted waveform.

A harmonic analysis of the inverter output current waveforms was conducted using
software on the oscilloscope. The odd order harmonics of the inverter output current under ideal
grid and distorted grid are presented in Table 4-1 and Table 4-2. For the ideal grid case, the
magnitude of the harmonics with the proposed controller was reduced significantly. For operation
with the distorted grid, the magnitude of the third harmonic was reduced by a factor of 2 using the
Pl + state feedback controller. These results indicate that the PI controller with state feedback

performs better than the traditional current feedback controller.
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Figure 4.13 Output voltage and current using Pl control under distorted grid.
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Figure 4.14 Output voltage and current using PR control under distorted grid.
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Figure 4.15 Output voltage and current using Pl + state feedback control under distorted grid.
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Table 4-1 Inverter Output Current Harmonics Under Ideal Grid

Harmonic Order Pl PR i(leetﬂfztiif
3rd 4.08% 4.25% 1.61%
5th 2.12% 2.24% 0.71%
7th 2.17% 2.23% 1.40%
9th 2.79% 2.49% 1.73%
11th 1.52% 1.00% 1.06%
13th 0.90% 0.72% 1.18%

Table 4-2 Inverter Output Current Harmonics Under Distorted Grid

Harmonic Order Pl PR I;éezgif
3rd 5.67% 5.47% 2.34%
5th 3.56% 3.59% 1.10%
7th 2.75% 2.32% 1.96%
9th 2.38% 2.03% 1.55%
11th 1.59% 1.32% 1.23%
13th 1.10% 0.94% 1.39%

The system sensitivity against grid frequency variation using the proposed control method
was also performed when the grid impedance was set at 13.5 mH. Figure 4.16 and Figure 4.17
show the system output voltage and current when the grid voltage frequency is below and above
60 Hz, respectively. The inverter output current harmonics are analyzed in Table 4-3. It can be
seen that the current harmonics are much lower when the grid frequency is below 60 Hz. The
current harmonics are very similar to normal frequency operation (60 Hz) when the grid frequency
is above 60 Hz. Therefore, it can be concluded that the system has robustness to grid frequency

variation under a weak grid.
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Figure 4.16 Output voltage and current when grid voltage frequency is 59.5 Hz.
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Figure 4.17 Output voltage and current when grid voltage frequency is 60.5 Hz.

Table 4-3 Inverter Output Current Harmonics Under Frequency Variation

Harmonic 59 Hz 59.5 Hz 60.5 Hz 61 Hz
Order
3rd 1.28% 1.24% 1.64% 1.70%
5th 0.87% 0.61% 0.57% 0.57%
7th 1.27% 1.33% 1.26% 157%
oth 1.92% 1.98% 1.59% 177%
11th 0.79% 1.11% 1.12% 1.48%
13th 0.41% 0.85% 0.99% 1.14%
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4.3 State Feedback combined with PR control

As previous section shows, the state feedback control combined with a PI controller still
has a small steady state error. In order to obtain zero steady state error, a PR controller was used
instead. It can produce an infinite gain at the specified frequency, which can guarantee tracking

the reference current without steady state error.

4.3.1 Controller Design

A continuous time practical transfer function of a PR controller is shown in (4.8) [15].

2k.o,s

- 3 4,
s?+20,5+af (4.8)

Ger (5) =k, +

where kp is the proportional gain, kr is the resonant gain, wc is the cutoff bandwidth, and wo is the
fundamental frequency. The proportional gain k, determines the bandwidth and stability phase

margin. As wc gets smaller, the controller becomes more selective, as shown in Figure 4.18.

Bode Diagram
o = 5radls ]

| =mrme—m w =20 radis |

Magnitude {dB)

e

Phase (deg)

Frequency (Hz)

Figure 4.18 Bode plot of a practical PR controller (kp = 1, kr = 10).
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A small w¢ will make the controller sensitive to frequency variations and lead to slow
transient response, while a large wc will introduce a phase lag and thus decrease the phase margin.
An w of 5-15 rad/s is usually chosen as a compromise [67]. In practice, the fundamental frequency
of the grid is allowed to vary within a narrow range, typically between 59.5 and 60.5 Hz. The
corresponding frequency fluctuation is Af = 1 Hz. In this work, w¢ = 2nAf = 6.28 rad/s is set for
frequency variation. The discrete time PR controller can be obtained by using the bilinear

transformation.

_by+bzt+hb,z7?

Gpr (2)= 4.9
o (2) 1+a,z "' +a,z? (4.9)
where
4K, w, f, 2k ) -8k f? 4k o, T, +8k o, f
b0=kp+ 2 7 b=— 2 b2=kp_ 2 2
oy +4w, T, + 41, w; +40, T, +41, wy +40, T, +41,
_ 2a; 817 o) —da f 417
& +4w f +4f7 2 o} +4o,f +417
The state space control is:
Vo, =u—Kx=u-[k, k, k;]x (4.10)

where u is the output of the PR controller, and K is the state feedback gain. The discrete time state

space equation can be rearranged:

X[k +1] = (F —GK ) x[k]+ Gu[k]+ Ji, [K]

(4.11)
YIK)=Hr(K]
The open loop transfer function from controller output signal to inductor current is
6, =) _yra_(Fook)re = tel2Y (4.12)

2’ +cz’ +c,z+cC,

" ou(2)

where
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k—CHsma)T/H

res ' s

¢, =k;/H, —2c0s(®,,T,)

res ' s

czz[kala)sin( @res Ty )+ K, —K, COS( 0, T, ) — 2K, COS ()

csz[—kala)sin( T,)—k, cos (o, T)+k2+k3]/HV

res ' s

T,)+H, |/H,
res S
The closed-loop transfer function from the inductor reference current to the inductor

current can be expressed as the following:

i(2) __G:(2)G,(2)

G =
(D)= " 176 (z) (z)
ko (bo2” +byz+b, ) (2 - (413)
_(zz+aiz+a2)(z3+clzz+czz+c )+ko(b +bz+b )(z—l)
The closed-loop transfer function can be rewritten in pole-zero format.
kb, (z—2,)(z-2,)(z-1
GCI(Z)_ 0 0( l)( 2)( ) (414)

B (z=p)(z=p) (2= ps) (2= Ps) (2 P5)
The closed-loop system is a fifth-order system with three zeros and five poles. One zero is
fixed by the plant and the other two zeros are generated by the PR controller and are configurable.
Since the system is completely controllable, pole locations of the closed-loop system can be
arbitrarily chosen inside the unit circle. Three poles should be placed at the zero locations to
counteract their effects. According to the pole placement method, choose the other two poles as a
desired pair of dominant second-order poles so that the system will perform as a second-order
response with reasonable control effort. All poles and the zeros are related to the state feedback
gain and the PR controller parameters. Therefore, the five unknown control parameters can be
determined by the desired five closed-loop poles and two configurable zeros.
The pole locations are chosen to achieve typical controller parameters such as the system’s

closed-loop natural frequency wn and damping ratio .
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P, = aéars [cos(a)de)i jsin(a,T, )]
Dy, =2, =0.99+ j0.01726 (4.15)
Pps=2,=1

where @, = @, + /1— g2, Cissetto 0.7 (0.4< £<0.7), and wn is set to 0.4m/Ts (0.270/Ts< cwn <0.57/Ts).

The dominant poles of the controller are well damped with a damping factor of 0.7 as shown in

Figure 4.19.
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Figure 4.19 Pole and zero locations for the uncompensated system and compensated system (top)

zoomed version (bottom).
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Figure 4.20 Control block diagram for a single-phase grid-connected inverter with the proposed
controller.

The grid voltage usually contains low order harmonics, which can have a non-negligible
effect on the grid current. In a typical current spectrum, 3rd, 5th and 7th harmonics are the most
prominent harmonics [64]. To compensate for the low order harmonic frequencies, a harmonic
compensator consisting of resonant controllers at selected frequencies is paralleled to the PR

controller designed earlier [16, 63, 64, 65], as shown in the continuous time model of Figure 4.20.

Gy (s)= Y RS (4.16)

a2, 20,5+ af

where h is the harmonic order, krh is the individual resonant gain and wn is the resonant frequency.
Only 3rd, 5th and 7th order harmonics are compensated by the resonant controller, because the
system might become unstable if the compensated harmonic frequency is beyond the controller
bandwidth [3,17]. The harmonic compensator does not affect the dynamics of the PR controller,
because it only compensates at selected frequencies [17].

The pole and zero locations of the closed-loop system with a harmonic compensator are
shown in Figure 4.21. Note that it does not affect the desired closed-loop poles designed previously.
Although it decreases the open loop gain in the low frequency range, the controller bandwidth and

the phase margin of the system remain the same as shown in Figure 4.22.
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Figure 4.21 Pole and zero locations for the closed-system with a harmonic compensator (top)

zoomed version (bottom).
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Figure 4.22 Open loop bode plot of the system without and with harmonic compensator.
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4.3.2 Stability Analysis

Variations in the grid impedance impact the pole locations for the proposed controller as
illustrated in Figure 4.23. It can be seen that the dominant conjugate poles tend to approach the
real axis and then move towards the unit circle as the grid impedance increases from 0 to 2L+. The

other three poles remain the same.

1,
D8}

0.6

Figure 4.23 Pole locations of the closed-loop system with Lg increasing from 0 to 2L+.

4.3.3 Simulation Results

Two sets of comparative simulations were performed to verify the effectiveness of the
proposed controller. The first comparative simulation was performed under an ideal grid, while
the second utilized a distorted grid to demonstrate the effectiveness of the system’s harmonic
rejection ability. The ideal grid and distorted grid are the same as in a previous section. Figure 4.24
and Figure 4.25 show the results under ideal grid conditions when the grid inductance was set at
13.5 mH and 17.5 mH. Table 4-4 contains a harmonic analysis of the inductor current. Note that
the magnitude of the harmonics is roughly the same for the two impedance values. The results
from the second simulation with a distorted grid voltage for 13.5 mH and 17.5 mH are given in

Figure 4.26 and Figure 4.27. Again, note that the magnitude of the harmonics are very similar as
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illustrated in Table 4-5. Based on the data in Table 4-4 and Table 4-5, it is evident that the system
is robust to grid inductance variation.

The inductor current waveforms below are very similar for all cases. In addition, the results
in Table 4-4 and Table 4-5 indicate good harmonic rejection capability for the proposed controller.

The harmonic compensator mitigates the impact of the harmonics in the distorted grid voltage.
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Figure 4.24 Inductor current under ideal grid (Lg = 13.5 mH).
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Figure 4.25 Inductor current under ideal grid (Lg = 17.5 mH).

Table 4-4 Inductor Current Harmonics Under Ideal Grid

Harmonic Order Lg=13.5mH Lg=17.5mH
3rd 0.46% 0.42%
5th 0.29% 0.32%
7th 0.14% 0.10%
9th 0.30% 0.21%
11th 0.07% 0.09%
13th 0.23% 0.22%
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Figure 4.26 Inductor current under distorted grid (Lg = 13.5 mH).
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Figure 4.27 Inductor current under distorted grid (Lg = 17.5 mH).

Table 4-5 Inductor Current Harmonics Under Distorted Grid

Harmonic Order Lg=13.5mH Lg=17.5mH
3rd 0.57% 0.42%
5th 0.20% 0.15%
7th 0.07% 0.10%
9th 0.19% 0.22%
11th 0.13% 0.11%
13th 0.22% 0.19%

4.3.4 Experimental Results

The control algorithm was implemented on a fixed-point DSP TMS320F28M35. When
implementing a PR controller on a fixed-point DSP, the effects of finite precision representation
of the system coefficients and the effects of the truncation of intermediate computations should be

considered [66, 67]. Generally, the control performance degrades when the shift-operator based
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resonant implementation given in (4.8) is programmed in a fixed-point DSP. It’s mainly caused by
round-off errors [67]. However, the delta operator has the advantage of superior finite word length
performance and improved rounding error performance. It is defined in (4.16).

y = ZT_:L =y t=7"A+y"z" (4.16)

Where A is a time step less than 1 and usually should be designed to achieve small round-
off error. The delta operator form of the PR controller can be expressed by (4.17). By substituting

(4.16) into (4.8), the coefficients of the delta operator-based PR controller can be derived.

Gc(7): Bt By + By

-1 -2
o, +ayy " +a,y

(4.17)

Where ao =1, a1 = (2 + a1)/A, a2 = (1 + a1 + a2)/A?, fo = bo, f1 = (2bo + b1)/A, f2 = (bo + b1
+ b2)/A% The implementation of the controller should use the structure of direct form Il shown in
Figure 4.28, because it can provide the best round-off noise performance [67]. The difference

equations implemented in the DSP can be expressed by (4.18).

w, [k]=w, [k -1]-A+w;[k-1]
w, [k]=w; [k -1]-A+w, [k -1]
W, [k] = —ayw, [k]—a,w, [k]+u K]
y[k] = BW, [k]+ﬁlwl[k]+ﬂzw2 [k]

(4.18)
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Figure 4.28 Direct Form |1 digital filter structure.
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The experimental inverter output voltage and current waveforms under ideal grid voltage
conditions are presented in Figure 4.29 and Figure 4.30 for two different grid inductance values.
Note from Table 4-6 that the harmonic magnitudes are very similar. Presented in Figure 4.31 and
Figure 4.32 are the experimental waveforms for the inverter output voltage and current for the
distorted grid voltage. Again, note the similarity in the harmonic magnitudes for the different
inductance values. With the exception of the 3rd harmonic, the other harmonic magnitudes are
very similar. This is because the harmonic compensator reduces the effects of the distorted grid
voltage on the output current. Examination Table 4-6 of and Table 4-7 indicate that state space

current control combined with a harmonic compensator is robust to grid inductance variation.
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Figure 4.29 Output voltage and output current under ideal grid (Lg=13.5 mH).
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Figure 4.30 Output voltage and output current under ideal grid (Lg=17.5 mH).

67



Tek Run [ 1 ] Trig’d
Current (2A/div)
| /\
Voltage (5pV/div)
50.0 % 2004 9 j[a 00ms 250k5/5 Line /"~ }[ 4Feb 2017}
10k points 0.00 v 23:21:29

Figure 4.31 Output voltage and output current under distorted grid (Lg=13.5 mH).
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Figure 4.32 Output voltage and output current under distorted grid (Lg=17.5 mH).

Table 4-6 Inverter Output Current Harmonics Under Ideal Grid

Harmonic Order Lg=13.5mH Lg=17.5mH
3rd 1.36% 1.57%
5th 0.67% 0.53%
Tth 0.94% 0.65%
9th 2.19% 2.26%
11th 0.69% 0.91%
13th 0.90% 0.66%
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Table 4-7 Inverter Output Current Harmonics Under Distorted Grid

Harmonic Order Lg=13.5mH Lg=17.5mH
3rd 1.91% 1.82%
5th 0.98% 0.42%
7th 1.07% 1.02%
9th 1.94% 2.27%
11th 0.88% 1.07%
13th 0.74% 1.06%

Figure 4.33 and Figure 4.34 illustrate the dynamic performance of the system. A step
change in the reference current from 2.55 A to 5.10 A occurs at the peak of the current as shown
in Figure 4.33. The reference current is changed from 5.10 A to 2.55 A at the peak of the current
in Figure 4.34. It can be seen that the inverter output current changes quickly with little overshoot

in both cases.

Tek Stop

Current (2A/div)

X

" Voltage (5QV/div): -

(@ 500y 2004 @ )[4.00ms 250kS/s 7 7 Feb 2017
10k points 3.004 23:08:14

Figure 4.33 Response to an increasing step change of the reference current.
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Figure 4.34 Response to a decreasing step change of the reference current.
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4.4 Conclusion

The proposed state feedback control combined with a PI/PR controller for a single-phase
grid-connected inverter show the robustness for a larger grid impedance than either the Pl or PR
only control approach. The current harmonics are also reduced by using the proposed controller as
compared to utilizing only a Pl or PR controller. Although the Pl + state feedback control shows
a small steady state error in reference tracking, it is still an effective method with robustness against
grid impedance variations as well as harmonic rejection ability. Furthermore, the PR + state
feedback control with a harmonic compensator can effectively suppress the low order current

harmonics and show a good dynamic performance.
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CHAPTER 5 GAIN SCHEDULING CONTROLLER DESIGN

As previous discussed, the grid impedance can impact the control performance of the
inverter. With an increase in the grid impedance, the open loop cutoff frequency decreases, which
affects the transient performance. Also, the phase margin of the system decreases, which
deteriorates the system stability. In order to address this problem, a detection of the grid impedance
and an adjustment of control parameters are needed because of the grid impedance impact on the
system bandwidth and stability [3,17]. In this chapter, a gain scheduling control strategy based on
grid impedance estimation is used to adjust the controller parameters so as to make the system
robust to grid impedance variations. The grid impedance effect on the current controller
performance is analyzed. In order to mitigate its effect, an optimal gain is derived based on the
desired controller bandwidth and phase margin of the system. It has been demonstrated that this
adaptive controller can maintain the controller bandwidth and phase margin at satisfactory levels
in the presence of a grid impedance.

5.1 Introduction

For the grid-connected inverter, a proportional integral (PI) controller is often used for
current control to achieve a sinusoidal grid current with unity power factor. The high bandwidth
of the controller is required to guarantee accurate reference tracking and good transient
performance. A sufficient stability margin is also necessary to make the system stable. As the grid-
connected inverters are often installed at the distribution level, the grid impedance can be large.
Moreover, due to the continuous variation of loads, the grid impedance can vary widely. As a
result, it can impact the control performance of the inverter. Variations in the grid impedance can

not only decrease the bandwidth and loop gain, but also cause a negative impact on the phase
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margin of the system, which will degrade the stability of the grid-connected inverter. Generally,
in practice, the grid impedance value is unknown; therefore, it is hard to design a controller robust
to grid impedance variations. Although a large proportional gain can compensate for the effect of
a weak grid, it generally deteriorates the system stability [24].

Adaptive control methods such as model reference adaptive control [37] and gain
scheduling control [38,39] have been utilized to tune the controller parameters to improve the
controller performance when the grid impedance is unknown. Model reference adaptive control
adjusts the controller parameters based on the difference between the output of the system and the
output of a reference model, but it has the possibility of making the system unstable. The gain
scheduling method is a more conservative adaptive control method, which can ensure system
stability while adapting. To improve the bandwidth and phase margin of the controller, the gain

scheduling method is adopted to adjust the controller parameters.

5.2 Controller Design
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Figure 5.1 Single-phase grid-connected inverter using gain scheduling control.
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Figure 5.1 shows the diagram of the single-phase grid-connected inverter using gain
scheduling control. The control block diagram for this single-phase grid-connected inverter is
presented in Figure 5.2. The open loop transfer function from the current reference iret to the

inductor current i. derived in (3.1) is rewritten below:

G (8) G (5)
sL; +R;

Gopenl (S) = K (51)

where G¢(s) is the transfer function of a Pl controller. In order to achieve a good transient
performance, the controller cutoff frequency is set at 1 kHz and the phase margin is set at 45°.
Therefore, the proportional gain and integral gain can be derived by (3.4) and (3.6), respectively.
According to the circuit parameters given in Table 2-1, the proportional gain kp is 1.0156, and the

integral gain ki is 2179.

/4 Vg
et + € u Vio + ¥ 1 i+ 1 Vot Y~
G,(s) F Gi(s) P Kpm FO» LSiR > —

Figure 5.2 Control block diagram for a single-phase grid-connected inverter.
5.2.1 Grid Impedance Effect on Control Performance
When the single-phase inverter is connected to the grid, the grid side inductance combined
with the LC filter of the inverter can form an LCL structure. The transfer function from inverter
output voltage to inductor current can be derived as:

~ L,C,s*+1
L LGS (L, +Ly)s

G, (s)

(5.2)

The open loop transfer function from iref to i can be expressed as:
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K8 (3)Gy (5)(LyCys*+1)

G )= pwm ¢
o () L, Lgcfs3+(|_f +Lg)s

(5.3)

Because the open loop cutoff frequency is much lower than the resonant frequency of the
LCL structure, the filter capacitor can be neglected. The open loop transfer function of the system

can be approximated by:

K pumGs (5)Gq (8)
G =t
open3 (S) (Lf n Lg )S (54)

The bode plot of the open loop transfer functions, given by (5.1), (5.3) and (5.4), is
presented in Figure 5.3. It can be seen that ignoring the filter capacitance doesn’t affect the
frequency response in the low frequency range. Also note that the bandwidth of the open loop
system is decreased significantly by the grid impedance, while the phase margin didn’t change
much. As a result, it is necessary to tune the controller parameters to maintain a satisfactory

bandwidth. In this effort, a gain scheduling method was utilized to tune the controller parameters.

Bode Diagram
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Figure 5.3 Bode plot of grid impedance (8 mH) effect on the system bandwidth and phase

margin before adapting.
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5.2.2 Gain Scheduling Control

When the inverter is connected into a weak grid ( Lg >> L¢ ), the effect of grid impedance
cannot be ignored. The basic idea of gain scheduling is to change the controller parameters by
measurements of the process to compensate for variations in the process parameters. In order to
maintain the controller bandwidth and phase margin when connecting to grid, the PI controller
parameters need to be tuned taking into account the grid impedance. Therefore, the adaptation rule

for the proportional gain and integral gain can be derived by:

12 2
Wyes — W,
2 2
o, — @,

ki, —k /T, tan(PM )

C

ki, =k, -

(5.5)

ki =
' o, Ty +tan(PM )

where @, :\i(Lf +L, )/Lf L,C; is the resonant frequency and @, =[I/L,C, . By examining

(5.5), it can be seen that the adaptive control rule depends on the circuit parameters and the grid
impedance. Figure 5.4 shows the open loop bode diagram after tuning the controller. Note that the
bandwidth is maintained and the phase margin is also largely unaffected after adapting the
controller parameters. It can also be found that neglecting the capacitor doesn’t affect the
bandwidth and phase margin too much. Therefore, the adaption rules can be simplified to (5.6).

K zkp'(l_'_ Lg/Lf)

ki =k -(1+ L, /L, ) (9)

However, in general the grid impedance is usually unknown, so it is necessary to estimate

it to apply the adaptive control rules.
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Figure 5.4 Bode plot of grid impedance (8 mH) effect on the system bandwidth and phase
margin after adapting.

5.3 Grid Impedance Estimation

The online grid impedance estimation is required for controller parameter adaptation to
mitigate the effect caused by grid impedance variations. Grid impedance estimation methods can
be divided into active methods [50,51] and passive methods [54]. Active methods deliberately
inject a disturbance signal periodically or randomly to measure the grid response so as to estimate
the grid impedance, which might decrease the current quality. Passive methods use the grid
background harmonics signal to estimate the grid impedance. However, both methods need to
implement an online discrete Fourier transformation (DFT) analysis, which needs a lot of
computational effort and will burden the DSP. In [55], the authors utilized a model predictive
control algorithm to estimate the grid impedance. For an inverter operating under PQ control, the
grid impedance can be estimated using PQ variations [53].

The simplest and most straightforward method to estimate the grid impedance is to measure

the voltage across and the current flowing through the grid impedance. Since the filter capacitance
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is very small, the current flow into it can be ignored. Therefore, the grid current can be
approximated by the inductor current. The grid impedance can be estimated by the circuit equation

(5.7), see Figure 5.1.
V,(s)~V,(s)+sL,-1_(s) (5.7)
The grid voltage cannot be measured directly in reality. To simplify the problem, we
assume that the grid voltage is an ideal sinusoidal waveform (120V, 60Hz). The effect of a

distorted grid voltage on the estimation results will be discussed later. The grid impedance can be

estimated using the equation below [56].

For this equation, it is necessary to sample the capacitor voltage and inductor current every
Ts seconds. The difference between the grid voltage and capacitor voltage at a given sample and
the difference between two consecutive current samples are utilized to estimate Lg. The grid
impedance estimate is updated every 1 ms using this approach. The calculations are highly
dependent on the accuracy of the samples. A ‘noisy’ sample can create a spike in the estimates. In
order to reduce random errors due to sampling noise, the estimated grid impedance data is averaged
every 0.25 s. Figure 5.5 presents the flow chart for the proposed grid impedance estimation

algorithm.
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Figure 5.5 Flowchart of grid impedance estimation algorithm.
5.4 Controller Parameter Adaptation
Once the grid impedance estimation is completed, it can be used to update the current
controller parameters. According to (5.6), the adapted proportional gain and integral gain can be
obtained. Since the controller is implemented digitally, the continuous time P1 controller needs to

be transformed to a discrete time PI controller by the bilinear transformation, which is expressed

in (5.9).
-1
G,(2)- 2122
—Z (5.9)
2k, +kT =2k, +kT
R
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Figure 5.6 shows the control block diagram for grid impedance estimation and controller
parameter adaptation. Although increasing the proportional gain can maintain the system
bandwidth, it may cause a resonance between the grid-connected inverter and the grid. Therefore,

the proportional gain should be limited by the stability of the system.

I |
| N I R :
V | L ’
’ ] =k, o 1 e L2 +kT |
Y Average Lgave b H 1 ’ 2 -|—>I
’ i r L o 2Ky KT
i Limiter I l k/ =k, -| 1+ 2= b = > |
L I I L, |
I |
A L S )
Grid impedance estimation Gain scheduling

Figure 5.6 Control block diagram for grid impedance estimation and controller parameter

adaptation.
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Figure 5.7 Flowchart of the computational process.
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Figure 5.7 shows the flowchart of the overall tasks implemented within the DSP. After the
DSP initialization, the inverter current control is executed every switching period. The grid
impedance estimation and controller parameter adaptation are time-based tasks. The grid
impedance estimation receives the voltage and current information preprocessed by the inverter
control module. Once the grid impedance is estimated, the control parameters can be updated by

the adaptation rules. The red dotted line represents the transfer of the information.

5.5 Simulation and Experimental Results
5.5.1 Simulation Results

To verify the effectiveness of the proposed method, simulation was performed using
MATLAB to validate the theoretical analysis. The system parameters, as taken from the Texas
Instruments single-phase grid-connected inverter, are given in Table 2-1. Figure 5.8 is a plot of the
measured and estimated grid inductance under an ideal grid. Figure 5.9 is plot of the proportional
and integral gain adaption based on the estimated grid inductance. Simulations were repeated with
a distorted grid voltage, which is characterized by the presence of voltage harmonics. Figure 5.10
shows the estimated grid impedance and the measured grid impedance under a distorted grid. The
proportional gain and integral gain adaptation based on the estimated grid impedance under a
distorted grid is shown in Figure 5.11. Although the grid impedance estimation under a distorted
grid fluctuates more than under an ideal grid, the controller parameter adaptation values don’t
change too much, which validates the effectiveness of the method. Since the grid impedance
estimation value might vary around the true value all the time, the controller parameters are

updated every 0.25 s in order to make the controller work stably.
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Figure 5.8 Measured and estimated grid impedance under ideal grid.
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Figure 5.10 Measured and estimated grid impedance under distorted grid.
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Presented in Figure 5.12 is the inverter output current waveform for a grid inductance of
14 mH when adapting the controller parameters at 0.25 s. The result shows the current is less
distorted after adapting the parameter. Figure 5.13 and Figure 5.14 show the simulation results
under ideal grid. The inverter output current total harmonic distortion decreased from 3.94% to
3.13% under adaptation. In practice, the utility grid always has harmonics: a distorted grid voltage
was modeled by 10% third harmonics, 5% fifth harmonics, and 3% seventh harmonics. Figure

5.15 and Figure 5.16 show the simulation results under this distorted grid voltage. The current total

harmonic distortion decreased from 4.52% to 3.22% under adaptation.

Current (A)
=

Adapted controller

3o

0.2 0. 0.3 0.35

Time(s)

Figure 5.12 Inverter output current for Ly =14 mH adapted at 0.25s.
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Figure 5.13 Inverter output current under ideal grid (unadapted).
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Figure 5.14 Inverter output current under ideal grid (adapted).
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Figure 5.15 Inverter output current under distorted grid (unadapted).
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Figure 5.16 Inverter output current under distorted grid (adapted).

5.5.2 Experimental Results

Figure 5.17 shows the experimental results when grid impedance was 14 mH under ideal
grid without adaptation and with adaptation. Figure 5.18 shows the experimental results for a
distorted grid. The total harmonic distortion in the output current under ideal grid and distorted
grid is presented in Table 5-1 and Table 5-2. The harmonics in the experimental results are much
higher than in simulation. That is because the accuracy of the impedance estimation results might
not be as good as the simulation estimation results due to the error caused by the voltage and
current measurements and the data processing truncation in the DSP controller. Note that the
magnitude of the current harmonics was reduced in both cases - ideal grid and distorted grid - with

the gain scheduling algorithm.
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Figure 5.17 Inverter output voltage and current under ideal grid.
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Figure 5.18 Inverter output voltage and current under distorted grid.

Table 5-1 Inverter Output Current Harmonic Under Ideal Grid

Harmonic Order Unadapted system Adapted system
3rd 4.79% 2.11%
5th 3.34% 0.78%
7th 3.69% 0.81%
9th 3.21% 1.08%
11th 1.47% 0.44%
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13th 0.93% 0.46%

Table 5-2 Inverter Output Current Harmonic Under Distorted Grid

Harmonic Order Unadapted system Adapted system
3rd 5.71% 2.68%
5th 4.72% 1.21%
7th 4.06% 1.86%
9th 2.89% 1.09%
11th 1.59% 0.78%
13th 1.04% 0.83%

5.6 Conclusion

The effect of the grid impedance on the control performance of a single-phase grid-
connected inverter with an LC filter has been studied. The control performance can be degraded
and even become unstable when the grid impedance is large. To maintain the control performance,
a gain scheduling control method has been proposed. This method requires estimation of the grid
impedance. By adjusting the controller parameters using the estimated grid impedance, the
bandwidth and phase margin of the controller can be maintained. The effectiveness of the proposed
method has been demonstrated through both simulated and experimental results. It has been shown

that the magnitude of the current harmonics was reduced for both an ideal grid and a distorted grid.

86



CHAPTER 6 GRID CURRENT OBSERVER BASED CONTROLLER DESIGN

In the distribution system, grid voltage distortion and grid impedance uncertainty can
degrade the control performance of a grid-connected inverter. A technique commonly used for
improving the performance of the control loop is to introduce a feed forward term which
compensates for the effect of one or more system disturbance terms. This chapter presents a grid
current observer based compensation control for a single-phase grid-connected inverter that is
connected to a weak grid. Traditional single-loop PI current control performance suffers in the
presence of the grid voltage distortion and grid impedance uncertainty. To compensate for
disturbances from the grid side, two different compensation control structures are proposed. One
is a feed forward method, which uses estimated grid current as a feed forward signal. The other
one is a modified disturbance observer method, which compensates for the estimated disturbance.
Simulation and experiments have been carried out on the experimental testbed.

6.1 Introduction

The grid-connected inverter is usually connected between the renewable energy and the
utility grid. In reality, the grid voltage is not always an ideal sinusoidal waveform, but is distorted.
Furthermore, the grid impedance is usually unknown, which will also introduce harmonics into
the system, and in some cases even make the inverter system unstable.

In order to get an accurate control, any disturbance should be compensated. In general,
when a disturbance is measurable, a feed forward strategy could reduce or even eliminate the effect
of the disturbance [68, 69]. But an additional sensor will increase the inverter cost. The grid current
observer-based feed forward compensation method was proposed to solve the problem in this work.

When a disturbance cannot be measured directly, the disturbance observer is often used to
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compensate for the influence of the disturbance [25, 70, 71]. A modified disturbance observer was
described that can achieve more accurate disturbance estimation. With properly designed observer
parameters, it is possible to reduce control sensitivity to model uncertainties, parameter
mismatches, and noise on sensed variables. Consequently, the influence of uncertainties can be
more effectively suppressed, and inverter performance robustness can be improved.
6.2 Grid Current Observer Based Compensation

When the inverter is connected to a weak grid, the effect of grid impedance and grid voltage
distortion cannot be ignored. The grid voltage distortion and grid impedance uncertainty will
introduce harmonics into the inverter output current. Therefore, compensation is used to reduce
the grid disturbance and improve the system stability. The relationship between the grid current

and the disturbances, i.e., grid impedance and grid voltage, can be expressed as follows:
c (]

di
v. =L d—s+vg (see Figure 3.1). Since the grid voltage is usually unmeasurable and the grid

impedance is unknown, the grid current is selected as the compensation signal. Therefore, the

compensation control can be realized in two different ways.

l Ig
Iref + € Vinv + 1 IL + 1 vc

> G.(s) ¥ Gy(s) > Kpum 4?—» L s+R, (> <, -‘—>

Figure 6.1 Control block diagram for a single-phase grid-connected inverter.

6.2.1 Feed Forward Compensation Design
The feed forward compensation method can eliminate the effect of the disturbance on the

system [68]. Since an additional current sensor will increase the cost of the system, an observer is
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used to estimate the grid current and will be described in Section 6.3. The estimated grid current
is fed forward in the system to reduce the disturbance caused by the grid voltage distortion and
grid impedance. In order to derive the feed forward gain, the estimated grid current is replaced by

the grid current, as shown in Figure 6.2.

+ p—
iref + e G + l G K Viv + 1 iL 1 Ve
~ c (S) d (S) ] pwm 4:?_» LfS+ Rf O_> SC,

Figure 6.2 Control block diagram for a single-phase grid-connected inverter with feed forward
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Figure 6.3 Equivalent transformation control block diagram of Figure 6.2.
Figure 6.2 can be further simplified to Figure 6.3 by block diagram equivalent
transformations. The feed forward transfer function can be shown to be equivalent to:

_ Lis+R;
Gy (s)

G; (s) +G, (s) (6.1)

where G¢(s) is the transfer function of a PI controller, and Gq(S) is the transfer function of the delay.
Generally, it is difficult to implement a second order differentiation in a digital control system
especially for the case of weak grid and heavy noise, so the feed forward gain can be simplified
into (6.2).

G, (s)=R; +k

. (6.2)
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6.2.2 Modified Disturbance Observer Design

A disturbance observer has been reported in many control system studies in which the
external disturbance cannot be directly measured. The basic idea is to compensate the external
disturbance based on disturbance estimation from measurable variables through a combination of
the inverse plant model and a low pass filter. The estimated disturbances, which include system
uncertainties, are fed back so that robustness of a system is achieved.

In the present application, the harmonic content in the grid current caused by the grid
voltage distortion and grid impedance uncertainty can be regarded as the system disturbance.
Figure 6.4 shows the control diagram of a single-phase grid-connected inverter with a disturbance
observer. Assume that the current control loop in Figure 6.1 is ideally controlled [70]. From Figure
6.4, it can be found that the disturbance signal, i.e., the grid current, is estimated from the inductor
current and capacitor voltage. Research shows that a better estimate could be obtained if more
accurate information was incorporated into the observer [72], which has been verified in our work.
The researchers in [73] also demonstrated that only using the capacitor dynamics equation to
estimate the grid current is very sensitive to noise in the measurements caused by the derivative of
the capacitor voltage. Therefore, a modified disturbance observer is used to get a more accurate
estimation. Figure 6.4 can be rearranged into Figure 6.5. A notch filter is added to filter out the
fundamental frequency content in the estimated grid current. Therefore, the harmonic content
introduced into the grid current by the disturbances and system uncertainties can be compensated

by the estimated grid current except for the fundamental frequency.
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Figure 6.5 Control block diagram of the system using modified disturbance observer.
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The notch filter is designed to filter out the fundamental frequency in the estimated grid

current and is given by (6.3).

Gnotch (S) -

S’ +éos+at

2 2
s’ + w5+ w;

(6.3)

where ¢£ is the depth of the notch filter, w. is the width of the notch, and wo is the frequency of the

notch. In this work, the notch filter parameters were set as follows: & = 0.001, w¢ = 125.7 rad/s,

and wo = 377 rad/s. Details of the proposed grid current observer are described next.
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6.3 Grid Current Observer Design
Assume that the grid current is constant in one sampling period [73]. Select the capacitor
voltage and grid current as the state variables and the inductor current i_ as the input. Then a

continuous time state space model can be expressed by:

X = AXx+ Bu 6.4
where
a=|0 HC g_|¥C C=[1 0] x= e
0o 0 0 i
The equivalent discrete time state space equations is:
X{k+1|=Fx[k|+Gulk
[k+1)=FafK] +Guk o5

y[k]=HxK]

F:B _T{Cf} G:{T/;:f} H=C

The state estimator is described by (6.6). Figure 6.6 shows the control block diagram of the

where

plant and the observer.

R[k-+1] = FR[K]+ Gu[k]+ L (y[k]- §[k]) 6.6)

§[k]=H&[k]

where L is the observer gain.
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Figure 6.6 Block diagram of the plant and state observer.

The observability matrix in (6.7) has full rank, which means that the system is observable.

k A =2
ran [HF}_ (6.7)

The error dynamic can be expressed as follows. The error will converge to zero if the

eigenvalues of F-LH are within the unit circle in the z-plane.

e[k+1]=x[k+1]- [k +1]=(F - LH)(x[k]-%[k])

(F—LH)e[k] (6.8)

Since the state variables are observable, the eigenvalues of the characteristic equation in
(6.9) can be freely chosen within the unit circle. Usually the observer poles are chosen at least 2
times higher than the poles of the closed-loop system [69, 74]. In this work, the observer poles are
selected 3 times faster than the closed-loop poles as shown in Figure 6.7. The circuit shown in
Figure 3.1 is simulated with the designed state observer. The measured grid current and estimated
grid current are shown in Figure 6.8. It has been shown that the observer makes a good estimation

of the grid current without the need of an additional current sensor.

det(zl -(F-LH))=0 (6.9)
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Figure 6.8 Measured grid current and estimated grid current.
6.4 Simulation and Experimental Results
6.4.1 Simulation Results
Two sets of simulations were performed to verify the effectiveness of the proposed
controller. The first simulations were for an ideal grid with: 1) the feed forward, 2) the modified
disturbance observer, and 3) without compensation. The grid impedance (Lg = 15.5 mH) is

connected to the grid side at 0.15 s. The inverter output current THD using the feed forward method
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before and after adding the grid impedance is 3.04% and 3.22%, respectively. The current THD
using the modified disturbance observer method before and after adding grid impedance is 3.20%
and 3.25%, respectively. The current THD without any compensation before and after adding grid
impedance is 3.43% and 3.54%, respectively. The simulation results are shown in Figure 6.9 -

Figure 6.11.
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Figure 6.9 Inverter output current using the feed forward method.
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Figure 6.10 Inverter output current using the modified disturbance observer.
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Figure 6.11 Inverter output current without compensation.
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Next the simulations were repeated for a distorted grid (20% 3rd harmonic, 10% 5th
harmonic and 10% 7th harmonic). The grid impedance (Lg = 15.5 mH) was connected to the grid
side at 0.15 s. The inverter output current THD using the feed forward method before and after
adding grid impedance is 3.24% and 3.28%, respectively. The current THD using the modified
disturbance observer method before and after adding grid impedance is 3.48% and 3.52%,
respectively. The current THD without any compensation before and after adding grid impedance

is 3.67% and 3.74%, respectively. The simulation results are shown in Figure 6.12 - Figure 6.14.
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Figure 6.12 Inverter output current using the feed forward method.

-5 L L 1 1
0.1 012 0.14 0.16 0.18 0.2
Time(s)

Figure 6.13 Inverter output current using the modified disturbance observer.
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Figure 6.14 Inverter output current without compensation.

6.4.2 Experimental Results

The experimental testbed was used to validate the theoretical analysis. Figure 6.15 - Figure
6.17 show the experimental waveforms using the feed forward method, the modified disturbance
observer method and without compensation under an ideal grid. The current harmonic analysis is
shown in Table 6-1. The harmonics are reduced by using either the feed forward method or the

modified disturbance observer method as compared to the control without any compensation.
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Figure 6.15 Output voltage and current using the feed forward method.
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Figure 6.16 Output voltage and current using the modified disturbance observer.
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Figure 6.17 Output voltage and current without compensation.

Table 6-1 Grid Current Harmonics Under Ideal Grid

Harmonic Order Feed Forward Method Modifiggslg:\s/teurrbance Comf;zg:ion
3rd 2.52% 2.66% 3.85%
5th 1.83% 1.79% 1.71%
7th 1.99% 1.90% 1.90%
9th 2.271% 2.65% 2.56%
11th 1.42% 1.57% 1.20%
13th 0.71% 0.99% 0.60%

Figure 6.18 - Figure 6.20 show the experimental waveforms using the feed forward method,

the modified disturbance observer method and without compensation under a distorted grid. The
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current harmonic analysis is shown in Table 6-2. The feed forward method and modified

disturbance observer can improve the disturbance rejection ability of the system.
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Figure 6.18 Output voltage and current using the feed forward method.
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Figure 6.19 Output voltage and current using the modified disturbance observer.
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Figure 6.20 Output voltage and current without compensation.
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Table 6-2 Grid Current Harmonics Under Distorted Grid

Harmonic Order Feed Forward Method Modifiggslie):\s/teurrbance Comgr]lzg:ion
3rd 6.61% 7.03% 7.81%
5th 3.71% 4.10% 4.22%
Tth 4.33% 4.29% 4.76%
9th 1.90% 1.68% 1.77%
11th 1.28% 0.89% 1.17%
13th 0.85% 0.65% 0.90%

6.5 Conclusion

Grid current observer based feed forward method and a modified disturbance observer have
been proposed to reduce the effect of the grid impedance uncertainty and grid voltage distortion
on a single-phase grid-connected inverter. Disturbance rejection ability can be improved by
adopting disturbance compensation. Simulation and experimental results have shown that the
proposed controller can achieve reduced total harmonic distortion (THD) and robustness to grid

impedance variation.
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CHAPTER 7 CONCLUSION AND FUTURE WORK

In this work, the control methods including regulating inverter output impedance by
adjusting controller parameters, state feedback control combined with PI/PR controller, gain
scheduling method based on grid impedance estimation and grid current observer based
compensation method have been investigated to solve the impact of grid impedance on the control
performance and stability of the system. These works are summarized in this chapter, and
suggestions for future work are provided.

7.1 Summary of Research

Regulating the output impedance of the single-phase grid-connected inverter by shaping
the controller parameters can improve the stability of the inverter system when it is connected to
a weak grid. Based on the frequency domain analysis, it can be found that by increasing the
proportional gain of the PI controller, the magnitude of the inverter output impedance can be
increased to improve the ability for harmonic rejection, while the phase margin is decreased which
might make the system unstable. Changing the integral gain of the Pl controller has the similar
effect as the proportional gain, which mainly influences on the low frequency characteristics.
Although this method is effective to reduce the grid impedance effect, it is an offline control
method which needs to know the grid impedance value before shaping the controller parameters.

State feedback control combined with PI/PR controller is a robust method which can
enhance stability and increase damping to reduce the LC filter resonance. Pure state feedback
control can yield a steady state error. Therefore, a PI/PR controller was augmented to improve the
controller performance. The state feedback gain and PI/PR controller parameters were determined

by using the pole placement method. This method provides a straightforward way to design the
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controller parameters according to the system specification. By proper selection of the poles of the
closed-loop system, sensitivity to parameter uncertainties can be reduced. Experimental results
showed that the state feedback control combined with PI controller provided good harmonic
rejection ability and robustness to grid impedance variations compared to traditional PI/PR control
only. For the state feedback control combined with PR controller, a harmonic compensator is
utilized to suppress 3rd, 5th and 7th order current harmonics. This method also provided good
harmonic rejection ability and dynamic performance. Therefore, the state feedback control
combined with PI/PR controller is effective to a wide range of grid impedance variations even
under a distorted grid.

Gain scheduling control method is an adaptive method based on grid impedance estimation
to adjust the controller parameters. With an increase in the grid impedance, the open loop cutoff
frequency decreases, which affects the transient performance. Also, the phase margin of the system
decreases, which deteriorates the system stability. In order to maintain the controller bandwidth
and phase margin at satisfactory levels, the controller parameters were tuned based on the grid
impedance estimation to compensate for the system parameter variations caused by the presence
of grid impedance. Compared to the method introduced in Chapter 3, this method is an online
control method, which can adjust the controller parameters in real time.

The grid current observer based compensation methods provide two different
compensation control structures to attenuate the impact of grid impedance uncertainty and grid
voltage distortion. These two compensation structures, i.e., feed forward compensation and a
modified disturbance observer compensation, are essentially the same. Experiment results have
shown the similar performance of these two methods. The disturbance rejection ability of the

system was improved by using the proposed compensation methods.
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7.2 Suggestion for Future Work

The interaction between the grid-connected inverter and the utility grid is mainly discussed
from the inverter current control perspective. In the experimental testbed, the phase lock loop (PLL)
control, which is used to synchronize inverter output current with the grid voltage, is also a part of
inverter control system. The impact of the PLL control on the stability of the inverter system hasn’t
been explored in this work. Since the inverter reference current is produced by the current
amplitude and the phase detected by PLL, the PLL can affect the stability of the inverter system
when the grid is weak. Researchers have shown that PLL can introduce a paralleled admittance
into the output admittance of the inverter, which may cause low order harmonic oscillation in a
weak grid. This requires further investigation to optimize the PLL parameters to improve the

stability of the inverter system under a weak grid.
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