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Control Strategies of Power Electronic Converters to Improve the Reliability

and Stability of Renewable Energy Systems

Tai-Sik Hwang, Ph.D

University of Connecticut, 2015

This dissertation discusses control strategies for power electronic converters that improve the
reliability and stability of renewable energy systems. Three approaches are proposed to improve the
control performance of a dc-dc converter and a distributed generation (DG) inverter under different

operation modes and fault conditions.

First, a seamless control for the dc-dc converter with both discontinuous conduction mode (DCM)
and continuous conduction mode (CCM) is proposed. The plant models in DCM and CCM are different
in the frequency domain. Therefore, it is difficult to design a controller with stable operation and fast
response in both modes. The proposed controller can make mode transitions between DCM and CCM
seamlessly with a mode tracker, and then the boost converter can autonomously operate by selecting the

appropriate control loop in both modes.

Second, a seamless control for the DG inverter with both a grid connected (GC) mode and a
standalone (SA) mode is presented. With increasing renewable DGs, fast and stable mode transition
technologies are necessary not only for sending the power to the grid in the GC mode, but also for
protecting DGs from grid fault conditions in the SA mode. The proposed controller consists of a current
controller and a feedforward voltage controller to minimize the grid overvoltage and improve the voltage

response.
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Third, a control strategy to suppress a dc power oscillation of the DG inverter under grid voltage
unbalance is discussed. Due to voltage unbalance, the dc power oscillation is generated, which impacts
the lifespan of the renewable energy sources. A modified synchronous reference frame based current
control with improved current reference is proposed. With the proposed current loop, the dc power

oscillation is reduced effectively.

The proposed control strategies reduce the impact of the renewable energy and the load under faults or
disturbance conditions. And the stable operation of the power electronic converters will also enhance the

stability and reliability of the renewable energy, the grid, and the load.
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CHAPTER 1. INTRODUCTION

1.1 Overview

The importance of power electronic converters such as dc-dc converters and voltage source inverters
is increasing due to increasing distribution-level penetration of renewable energy sources such as
photovoltaic and fuel cell technologies. Fig. 1 shows the role of power electronic converters in renewable
energy systems. Power electronic converters should send power by regulating dc - dc or dc - ac to the
electrical load and the utility grid. Since they are interfaced with renewable sources and electrical loads or
the grid, the performance of power electronic converters depends on interactions among sources, loads,
and their state of operation. Power electronic converters should be operated with safety and stability under
normal conditions, fault conditions, overloads, and different operation modes. However performance of
conventional controllers of power electronics converters is limited to minimize impacts on disturbances
due to fault conditions and to control different operation modes seamlessly. Therefore, enhanced control
strategies of power electronic converters are important to improve the reliability of renewable energy

sources and the stability of the grid and the load.
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Fig. 1. The role of the power electronic converters in renewable energy systems



This dissertation discusses enhanced control strategies for power electronic converters that improve
the reliability and stability of renewable energy systems. First, seamless control for the dc-dc converter
with both discontinuous conduction mode (DCM) and continuous conduction mode (CCM) is discussed.
Second, a seamless control strategy for the distributed generation (DG) inverter with both a grid
connected (GC) mode and a standalone (SA) mode is presented. Third, control strategies for suppression
of a dc power oscillation and an ac current distortion of the DG inverter under grid voltage unbalance is
discussed. The proposed control strategies reduce the impact of the renewable energy and the load under
faults or disturbance conditions. And the stable operation of the power electronic converters will also

enhance the stability and reliability of the renewable energy, the grid, and the load.

1.2 Problem Statement

Three control problems are discussed to improve the control performance of the dc-dc converter and
the DG inverter under different operation modes and fault conditions; 1) a control of the dc-dc converter
with both DCM and CCM, 2) a control of the DG inverter with both the GC mode and the SA mode, and

3) a control to suppress a dc power oscillation of the DG inverter under grid voltage unbalance.

1.2.1 Control of dc-dc converter with mode transition

Fig. 2 shows a typical control scheme of the dc-dc converter. The dc-dc converter operates either in
DCM or in CCM. The operation mode is determined by the duty ratio, load and parameters of the dc-dc
converter. In particular, it is well known that different mode of the boost converter operation can result in
very different dynamics between CCM and DCM plants. Therefore, it will be difficult to design a
controller with stable operation and fast transient response for both modes. Moreover, if the dc-dc
converter operates in CCM with the DCM control gain or vice versa, it will be unstable.

The CCM boost converter has limitation, which is the resonance point due to double poles and non-
minimum phase due to a right half plane zero (RHPZ). Therefore, the CCM boost converter is difficult to
design with a compensator of wide range operation. This problem has been solved by designing a

conventional voltage-mode control at a low control bandwidth. However, the conventional voltage-mode



control is difficult to obtain fast response time of voltage regulation in both modes because of different
dynamics. Therefore the boost converter for portable fuel cell applications is required to operate from

very light load (DCM) to regular load (CCM) conditions with a fast and smooth response.

Light Load (DCM)
Full Load (CCM)

Renewable DC-DC
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Fig. 2. Control scheme of the dc-dc converter

1.2.2 Control of DG inverter with mode transition

Fig. 3 shows a control scheme of the DG inverter with respect to operational modes. The response time
of the voltage controller depends on the critical load variation. The fast mode transition can make
unexpected control mode in the overvoltage condition due to the grid voltage swell. The voltage control
of the DG inverter connected to the grid is not able to regulate the grid voltage. It will cause the voltage
control instability in the worst case. Even though the DG inverter still operates with the voltage control
loop for grid connection within short duration, it needs to be changed from the voltage control to the
current control in the overvoltage condition due to the grid voltage swell. The voltage control is required
to have a fast response time under critical load variation to order to make the fast mode transition in the
overvoltage condition due to point common coupling (PCC) switch-off. Therefore, the voltage control is
necessary to be designed with considering plants in GC and SA modes. It will satisfy a seamless control

of the DG inverter with the critical load safety in overvoltage conditions.
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Fig. 3. Control scheme of the DG inverter with respect to operational modes.

1.2.3 Control of DG inverter under grid distortion

Fig. 4 shows a control scheme of the DG inverter under grid voltage unbalance. Conventionally, the
double synchronous reference frame current controller is designed with the current reference calculation
to suppress the dc voltage oscillation in the L filter based DG inverter. The LCL filter based DG inverter
is limited to minimize both dc current and dc voltage oscillations by the conventional reference
calculation. Additional current through the capacitor is generated in the LCL filter. However, the
conventional current reference calculation is derived with considering the L filter based DG inverter,
which assumes that the inverter current is equal to the output current. Therefore, the conventional current
calculation is not able to suppress dc voltage and dc current oscillations in the LCL filter based DG

inverter.
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Fig. 4. Control scheme of the DG inverter under grid voltage unbalance and harmonics



1.3 Dissertation Organization

This dissertation is composed of six chapters. The first chapter introduces the importance of control
of the power electronic converters in renewable systems and the issues on existing power electronic
converter systems. The literature review of control strategies for power electronic converters is presented
in chapter 2. Chapter 3 explains a seamless control scheme for the dc-dc converter with different
operation modes for both DCM and CCM. Chapter 4 discusses a seamless control for the DG inverter
under grid disturbances. Chapter 5 presents a control of LCL filter based DG inverters to suppress the dc
power oscillation under unbalanced operating conditions is discussed. In chapter 6, this dissertation is

summarized with future works.



CHAPTER 2. LITERATURE REVIEW

2.1 Control of dc-dc converter with mode transition
2.2.1 Dc-dc converter for fuel cell applications

The direct borohydride fuel cell (DBFC) is directly fed sodium borohydride as a fuel and hydrogen
peroxide as the oxidant. It can be used as the power source for portable applications. Fig. 5 shows the V-1
characteristics of the DBFC. It can be seen that if the initial non-linearity (activation polarization) and
high current region (concentration polarization) are neglected, the DBFC works in a nearly linear region
(ohmic polarization). Considering the linear region, the output voltage of the DBFC varies according to
the output current, because of its typical V-I characteristic [1]. Therefore, a dc-dc converter is necessary
to regulate the output voltage. In addition, ripple current reduction of the fuel cell is important to increase

the life time of a fuel cell stack [2], [3].

Cell Voltage (V)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Cell Current (A)

Fig. 5. V-I characteristics of the DBFC [19].

Most fuel cell power converters are expected to produce power on demand, also known as load
following power sources. However, the response time of the fuel cells are typically known to be slower
than those of other power sources such as batteries and diesel engines. This is because of the operation of

the balance of plant (BOP) associated with mass and heat balances inside and outside the stack. In order



to improve the response time, many fuel cell systems are combined with a battery or capacitor to form a
hybrid power generation system [4], [5].

A bidirectional dc—dc converter, which is used to interface an ultracapacitor as energy storage to a fuel
cell, was presented in [6] and [7]. These papers have shown that the bidirectional converter with the
ultracapacitor had better control response times for a fuel cell system during voltage transients.
References [8] and [9] proposed a novel hybrid fuel cell power conditioning system. This system consists
of the fuel cell, a battery, a unidirectional dc—dc converter, a bidirectional dc—dc converter, and a dc-ac
inverter. A fuel cell and a battery are connected to the common dc bus for the unidirectional dc—dc
converter and the bidirectional dc—dc converter.

References [10] and [11] reviewed some of the characteristics of fuel cell applications. A discussion of
important considerations for fuel cell converter design is presented. The role of the fuel cell controller
was briefly introduced. Reference [12] focused on the design of a dc—dc converter, control, and auxiliary
energy storage system. A novel converter configuration, which improves utilization of the high frequency
transformer and simplifies the overall system control, was proposed.

Stability analysis of fuel cell powered dc-dc converters was also discussed in [13]. An equivalent
circuit model based on the chemical reactions inside of the fuel cell was presented. It showed that fuel cell
internal impedance can significantly affect the dynamics of the dc-dc converter. Also, the behavior of the
fuel cell during purging has been discussed. In order to overcome these problems, the supercapacitor
connected in parallel with the fuel cell was proposed. An impedance analysis approach had been proposed
in [14] and [15]. It showed the static response of the overall system with the fuel cell and the dc-dc
converter. However, it did not clearly show the impact of the individual components.

In [16] and [17], the input impedance of the boost power factor correction converter for both the
conventional current controller and the duty ratio feedforward controller were explained theoretically.
Due to the nonlinearity and unstable zero dynamics of the boost converter, it has some limitations such as
low bandwidth and poor dynamic response [18], [19]. In order to solve this drawback, a novel nonlinear

control strategy based on input-output feedback linearization was proposed in [20] and [21].



2.1.2 Control of dc-dc converter with mode transition

The dc-dc converter can be operated in either continuous conduction mode (CCM) or discontinuous
conduction mode (DCM). In particular, it is well known that different the boost converter operation
modes can result in very different dynamics in the frequency domain. This problem can be solved by
designing a conventional voltage-mode control at a low control bandwidth. This can make a stable
operation at the critical boundary condition during the transition of the operation mode [22].

In the past two decades, many studies have been done to model dc-dc converters in DCM and CCM.
An averaged modelling of dc-dc converters operating in DCM was studied in [23] and [24]. In DCM,
these models are represented either as analytical equations or equivalent circuits, and fall into both
reduced-order models and full-order models [23]. A method which includes generation, classification and
analysis of dc-dc converters was presented in [25]. Three DCM modes of dc-dc converters considered in
[26] are the discontinuous inductor current mode, the discontinuous capacitor voltage mode, and an
unidentified mode called the discontinuous quasi-resonant mode. A circuit based approach to the analysis
of dc-dc converters was presented in [27]. This method was focused on the identification of a three-
terminal nonlinear device in the dc-dc converter. An exact small-signal discrete-time model for digitally
controlled dc-dc converters operating in CCM was presents in [28]. The analysis of open-loop dynamics
relevant to current-mode control for a boost converter operating in CCM was presents in [29]. An

averaged state-space modelling of dc-dc converters in CCM and DCM have been developed in [30].
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Fig. 6. Block diagram of adaptive tuning algorithm for dc-dc converter [22]



On the other hand, an adaptive tuning algorithm of digital voltage-mode controllers for dc-dc converter
was presented to transfer from DCM to CCM [22]. This approach is able to maintain a high performance
control without the stability issues by using additional hardware configuration to detect the operation
mode. A new hybrid control method was introduced from the basic circuit theory and implemented for the
output voltage regulation in the boost converter [31]. The proposed method was designed with analogue
and digital circuits. A mixed-mode predictive current control at constant but two different switching
frequencies for a single-phase boost power factor correction (PFC) converter has been proposed in [32].
The PFC converter showed the operation in either CCM or DCM depending on the load condition. A
simple digital DCM control algorithm in [33] was proposed in order to achieve minimal changes to the
average current control in CCM. The algorithm was mathematically and computationally simple. A
control scheme for sensorless operation and detection of both CCM and DCM in the dc-dc converter was
presented in [34]. The proposed controller utilized dual control loops and did not need the inductor
current feedback. A generalization of the recently proposed nonlinear average current control scheme for
DCM operation was described in [35]-[37]. The approach was to develop a nonlinear control method for
DCM operation by using the same control principle then combining the control method with that for

CCM operation.
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Fig. 7. Mixed-mode operation of boost switch-mode rectifier [32]
A time domain control method of boost converters at the critical boundary condition is proposed to
achieve fast dynamic response time under load variations in [38]. Although it has the disadvantage of
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requiring a sophisticated analogue circuit, the proposed method can provide fast transient response.
Interleaving methods for the critical boundary condition between DCM and CCM of boost PFC
converters with master and slave modes was thoroughly analyzed in [39]-[41]. With open and closed
loops, the slave converter can be synchronized to the turn-on or to the turn-off instant of the master
converter. In both modes, dc-dc converters can be operated by either current mode or voltage mode
controls. A dual mode control scheme was proposed in [42] to control a boost PFC converter. The
proposed method combined both CCM and the critical boundary condition and had the advantage of
simple control and high efficiency under light-load conditions.

However, none of the literature explained clearly how to minimize the impact of the mode transition
and implement fully digital control algorithms with a robust mode transition
2.2 Control of DG Inverter with mode transition
2.2.1 Current control in the GC mode

The use of the renewable energy is increasing rapidly at a growing rate. The growth in renewable
generation is expected to 26 percent of the total generation growth from 2009 to 2035 in U.S.A [43].
Therefore, utility companies have already begun to take into account not only the conventional
centralized power generation, transmission, and distribution, but also renewable energy based distributed
generations.

Most distributed generations (DG) is connected to the grid by using the voltage source dc-ac inverter.
The inverter controller stabilizes the dc-link voltage and supplies active and reactive powers to the grid by
regulating ac current at a certain power factor. The control schemes for the DG inverter are implemented
based on a synchronous reference frame control and a stationary reference frame control. The
synchronous reference frame current control or d-g current control regulates the d-g axis current with the
d-g transformation and proportional-integral (PI) controller. [44], [45], [46]. Stationary reference frame
control or the a-f current control regulates the o-f axis current from the a-f transformation and

proportional-resonant (PR) controller [47]-[51]. As a kind of fast current controller, it is known that dead-
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beat or predictive controllers provide the fastest response time. However, there could be the stability issue
because of the delay time and parameter variations in the digital domain [52]-[62].
2.2.2 Voltage control in the SA mode

There are many approaches to regulate the ac output voltages of the inverter in ac power supplies or
uninterruptible power supplies (UPS). The current control for over-current protection is used in and outer
loop and the voltage control for output voltage regulation is implemented in outer loop with either the
synchronous reference frame or stationary reference frame. However, this method has issues about
voltage distortion under nonlinear loads and response time under variable loads. It is important to develop
robust control schemes [63]-[74]. Diverse high performance control methods have been developed, such
as repetitive-based control [67], deadbeat control [68]-[74] in order to increase the voltage loop
bandwidth.

2.2.3 Mode transition approach

With increasing renewable DGs, fast and stable mode transition technologies are substantial not only
for sending power to the grid, but also for protecting DGs from grid fault conditions. Particularly, to
supply power to the critical loads in any grid conditions has become an important issue [75], because
most critical loads are sensitive to voltage variations, which can make the critical loads’ performance
worse or shut down the system operation.

In the literature, two categories of critical loads have been discussed. One is the grid-scale power loads
requiring very high quality of power including medical equipment, semiconductor industry, and
broadcasting facilities [75 - 77]. The other is to supply the auxiliary power in renewable or energy storage
power systems [78 - 79].

A low-cost power electronics stage to provide ride-through capability for critical loads has been
explored [75]. The use of a micro high-temperature superconducting magnetic energy storage system was
proposed to support critical industrial loads with a ride-through capability of around 20 cycles [76]. The
micro-wind energy conversion scheme with battery energy storage was proposed as support for the
critical load [77]. The dc-ac inverter in current controlled mode exchanges active and reactive power. The

11



approach provides continuous power to the critical load under operational modes. A control algorithm for
fault ride through with voltage compensation capability for the critical load is proposed in a three-phase
utility-interactive inverter with a critical load [78].

Fig. 8 shows a molten carbonate fuel cell (MCFC) power plant which is composed of a fuel cell stack,
mechanical balance of plant (MBOP) and electrical balance of plant (EBOP). The safeties of the MBOP
and EBOP are very important and considered as critical loads in operating fuel cell power plant systems
[79 - 81]. A new voltage sag compensator for powering critical loads in electric distribution systems has

been discussed in an ac—ac converter [82].

_Fuel Cell Stack |

Fig. 8. MCFC power plant [80]

Fig. 9 shows a systemic configuration of DG inverter [83]. Usually, the DG has a dc-ac inverter based
power conversion system, which is either to deliver power to the grid or to supply power to the load. In
the grid connected (GC) mode, DG inverters control the output current with respect to the voltage phase
angle to send power to the grid. In standalone (SA) mode, DG inverters supply power to the critical or
local load by regulating the output voltage. Two physical switches connect or disconnect DGs. The mode
switch is turned on and connected to the grid in GC mode and is turned off in SA mode under grid fault
conditions. It can use a static transfer switch or circuit breaker [84]. The point of common coupling (PCC)
switch is another protection switch. If the grid is under fault conditions such as over / under voltage, over
/ under frequency etc., then the DG is disconnected from the grid for the protection of the critical load and

DG inverter. If the auxiliary power of the DG inverter control board supplies from the grid as a critical
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load, the DG inverter should operate in both GC and SA modes to provide uninterrupted and continuous
power [85]. Therefore, it is important that the DG inverter controller can detect exact fault conditions and

transfer the seamless operational mode within allowable duration to reduce the voltage and current spikes.
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Fig. 9. DG inverter system configuration with mode transition

Seamless mode transition controls have been investigated [86 - 97]. A seamless transfer algorithm can
switch the inverter operation from voltage-controlled mode to current-controlled mode and vice versa
with minimum interruption to the load [92]. The use of the mode switch helps in disconnecting the grid
within a half line cycle. An indirect current control algorithm for seamless transfer of utility-interactive
voltage source inverters has been proposed [93-94]. Fig. 10 shows the indirect current control for
seamless transfer of three-phase utility interactive inverters [93]. With the proposed method, the DG
inverter is able to provide critical loads with a stable and seamless voltage during the whole transition
period including both clearing time and control mode change. A seamless transfer of single-phase grid-
interactive inverters between GC and SA mode was presented [95]. The transfer between both modes is
just the change of the reference voltage, so the transfer between the output voltage controller and the grid
current controller does not exist in the proposed method. Wang et al. [96] described four different mode
combinations with two switches. Switch one is to control the mode between current control and voltage
control, and the other switch is to control two operation modes between GC mode and SA mode. The
weighted parameter current / voltage control scheme showed good performance. However, practically, it
requires additional tuning procedures with respect to the power rating, transfer switch delay time, and
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control loop sample time. Teodorescu et al. [97] presented the development and test of a flexible control

strategy for an 11-kW wind turbine with a back-to-back power converter capable of working in both SA

and GC.
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Fig. 10. Indirect current control for seamless transfer of three-phase utility interactive inverters [93]
2.3 Control of DG inverter under grid voltage unbalance

The importance of the voltage source inverters (VSI) is increasing recently, due to the increments of
DG represented mostly by renewable energy sources such as solar and wind energy. This VSI should
guarantee the safety of the equipment and control the current injected by the DG into the grid supports the
voltage [98 - 99].

When a fault occurs, unbalanced grid voltage appears. Then, the current injected into the grid affects
their sinusoidal and balanced power flow. Furthermore, the interaction between unbalanced voltage and
current would create unregulated oscillation in the active and reactive powers delivery to the grid as well
as current and voltage ripples to the dc link. So far, there have been many studies on the control strategy
to reduce current and voltage ripples under unbalanced grid voltage. Among them, a control strategy to
directly regulate the instantaneous active power to a constant state without any ripple components has
been considered to show the most effective method [100- 110].

A dual current control was proposed to minimize the dc link voltage ripple with the positive- and
negative-sequence current controllers in synchronous reference frame [101-104]. A new current-reference

generator implemented directly in stationary reference frame was proposed [105]. A flexible active power
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control based on a fast current controller and a various current reference generator was explained [106].
Wang et al. [107] has proposed methods for independent active and reactive power control of DG
inverters under unbalanced grid voltage. The impact of the positive- and negative-sequence components
on the instantaneous power and interactions between the positive- and negative-sequence has been

explained in detail.
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A control and operation of doubly fed induction generator based wind power systems under unbalanced
grid voltage was investigated [108]. An input-power, input-output-power, and output-power control

methods for PWM rectifier under unbalanced grid voltage are proposed in single stationary reference
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frame [109]. A supplementary dc voltage ripple suppressing controller to eliminate the second-order
harmonic in the dc voltage of the MMC-HVDC system was presented [110].

On the other hand, the current ripple in the dc link can affect the fuel cell capacity as well as the fuel
cell reliability [111-112]. The results showed that the fuel cell not only needs higher power capability, but
also consumes 10% more fuels [111]. An advanced active control method, which uses linearized ac signal
model of ripple current path, has been proposed to incorporate a current control loop in the dc—dc
converter for the reduction of current ripple [21].

In summary, none of the literature explained clearly how to minimize the impact of the mode transition
for the DG inverters. And also they showed the control performance to suppress the only dc voltage
oscillation of the LCL filter based DG inverters under unbalanced operating conditions. Therefore, the
conventional approaches are limited to suppress both dc voltage and dc current of DG inverters under grid

voltage unbalance.
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CHAPTER 3. SEAMLESS CONTROL OF DC-DC CONVERTERS BETWEEN DCM
AND CCM

The boost converter operates either in discontinuous conduction mode (DCM) or in continuous
conduction mode (CCM)'. The operation mode is determined by the duty ratio, load and parameters of the
boost converter. The plant models in DCM and CCM are different in the frequency domain. Therefore, it
will be difficult to design a controller with stable operation and fast transient response for both modes.
Moreover, if the boost converter operates in CCM with the DCM control gain or vice versa, it will be
unstable.

The proposed control strategy can make mode transitions between DCM and CCM seamlessly by
adding a mode tracker, and then the boost converter can autonomously operate by selecting the
appropriate control loop in both operation modes. The proposed controller still has a voltage control loop
in DCM and current/voltage control loops in CCM. The proposed mode tracker will be explained with a
frequency domain analysis. In the case of a portable fuel cell, the boost converter is required to operate
from very light load (DCM) to regular load (CCM) conditions. Because of the wide range operation of the
portable fuel cell, the strategy of proposed smooth mode transition will be suitable. In addition, smooth
operation of the converter will also be beneficial to the reliability of the fuel cell stack. A 20 W boost
converter prototype will be used to verify the performance of the proposed control scheme.

3.1 Boost Converter Modeling In DCM and CCM
3.1.1 Small signal modeling in CCM and DCM

Fig.13 shows a typical boost converter configuration. Equations based on the average model of the
boost converter in CCM are given in (1) and (2) [113].

diL :&_(l—d)vo

' €]
d L L

! Most of the results presented in this chapter have been published in [136], and [137].
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dvo (1 — d) iL Vo (2)

dt C RC

where, V; is the input voltage, iL is the inductor current, V, is the output voltage, L is the inductance,

C is the filter capacitance, R is the load resistor, and d is the duty ratio.
In (1) and (2), small-signal model equations in CCM can be written as

S d 3
dt L L L ©)

dﬁo :_ILd~_+_(1_D)iL _ ‘70 (4)
dt C C RC

where, D is the dc component of on-duty cycle of switch, V. is the dc component of the output voltage,

and / ;. 1s the dc component of the inductor current.

Fig. 13. Boost converter configuration.

On the other hand, average model equations in DCM are presented in (5) and (6)

;v ATy, )
Fo2Lv, -,
dv. v i %

dda v, C RC

where, 7 is the switching time[23].
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The small signal model equations in DCM are written in (7) and (8)

~ 21 ~
[, = DLd @)
v, V.. I, . 2 .
= ! o Vo ®)

= L+ v,
d vCc" vC' RC

Then, the duty ratio-to-inductor current transfer function and the inductor current-to-output voltage

transfer function in CCM are given as

i RCV,s+V,+(1-D)I,R
G. s _% — o o
a-con (3)=3 i RLCs*+Ls+(1-D)'R ©)
v —RI,Ls+(1-D)V,R
G, B ° 1
con (9) i,| , RCV,s+V +(1-D)I,R (10

The duty ratio-to-inductor current transfer function and the inductor current-to-output voltage transfer

function in DCM are given as

l 21
Gupou ($)=% ==+ (11)
_DCM - D
7 v, 1
G peu () =2 =22 — 12
- 2|, 1, RCs+2

In the reduced-order models, the inductor current is defined as a constant value in (5) and (7). This

means that the boost converter in DCM will be designed with only voltage control.

3.1.2 Mode Boundary [113]

In order to choose between DCM and CCM, a critical load resistance, R_,,, , is defined as

Rcrir = (1 3)
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R

crit

<R inDCM, and R, >R in CCM

On the other hand, a critical boundary condition, K ,;, , is defined as

I{crit:l)(l_l))2
K, >K inDCM, K, <K inCCM
x=2L
TR

3.1.3 Issues with Designing the Controller for both CCM and DCM

(14

(15)

(16)

17

Fig. 14 shows the frequency responses of the duty ratio-to-output voltage transfer function in CCM and

DCM. The CCM boost converter shown in Fig. 14 (a) has limitations, which is the resonance point due to

double poles and non-minimum phase due to a right half plane zero (RHPZ). They can affect the cutoff

frequency when a compensator is designed. In the worst case, it is difficult to achieve a stable phase

margin with high bandwidth. Therefore, the CCM boost converter is difficult to design with a

compensator of wide range operation. On the other hand, the DCM boost converter shown in Fig. 14 (b)

is a first order system. In order to achieve a high bandwidth, PI or lead-lag compensator can be used

easily. Fig. 15 (a) shows a loop gain of compensator designed in DCM. The phase margin (PM) is 90°

and the bandwidth (BW) is 100Hz. The designed PI compensator, G, (s) , s given as

1.827
s

Gy (5)=18.27+

(18)

However, this compensator will be unstable in CCM as shown Fig. 15 (a). A stable compensator,

G, (s), in both DCM and CCM shown in Fig. 15 (b) is derived as

4.1657
G, (s) =

A

19)
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The phase margin is 44.6° in DCM and 90° in CCM. And the bandwidth is about 16Hz. In order to

design the stable controller in both modes, the bandwidth is decreased from 100Hz to 16Hz. This implies

that it can be difficult to design a stable controller with a fast response time in both DCM and CCM.
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3.2 Proposed Controller Design in DCM and CCM

3.2.1 Current Control in CCM [114]

From Fig. 14 (a) the boost converter in CCM has a high resonant pole in the duty ratio-to- inductor

current transfer function and the RHPZ in the inductor current-to-output voltage transfer function. In

order to cancel the high resonance pole, a nonlinear feedforward scheme has been proposed [20]. With

this method, the duty ratio of the boost converter is calculated as

V. V.
d=1-—+-—*
1% 1%

o o
Equations in the average model are expressed in

i, _v.

dt L

o o

dv, vip id. v
d Cv, C RC

Hence, equations in the small-signal model are written as

Gvci,CCM,FFD (S) ==

_V_O—LIL/Vierl
1 RCs+2

Yo
L 7,=0 L

GifoCM _FFD —

(20)

(21)

(22)

(23)

(24)

(25)

(26)
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Fig. 16 shows the block diagram of the proposed current control with nonlinear feedforward in CCM.

By using the nonlinear feedforward, the plant can be simplified as (25). The control gains are k pe = Lo,

k. =r@, and k. =7, and @ is the control bandwidth.

Then, the overall closed loop transfer function becomes

lz: k, !Ls+k,/L _ o5+ 1o, _ o, (s+r) _ o, 5
i s2+(kvc+k/w)/Ls+kic/L s2+(a)c+r)s+ra)c (s+a)c)(s+r) s+ @ 7

c

1

1

' o £

1 v pe |7 ] |memmmmmmmmmm e m e

! . Plant |

: Nonlinear Feed forward

[ .

:IL + N ic l d + 1 I

A ¢ " s v, + Ls "
+

b e e

Fig. 16. Block diagram of proposed current control with nonlinear feedforward in CCM.
3.2. 2 Feedforward Current Control in DCM
Fig. 17 shows the block diagram of feedforward current control in DCM. Since there are no state
variables in DCM, the feedforward scheme is used without a feedback loop. As the voltage control in the

outer loop is connected, the voltage-mode control is activated.

Plant in DCM

S » —
2L v, —v,

]

]

]

]

]

]
) ! .
i 2D ! v, Tv, i

]

]

]

]

]

Fig. 17. Block diagram of feedforward current control in DCM.
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3.2. 3 Voltage Control in both CCM and DCM

Fig. 18 shows the block diagram of voltage control in CCM. The current control shown in Fig.4 is

located in the inner loop. In the outer loop, it can assume that current loop gain is equal to 1 because

inner loop is faster than the outer loop. The inductor current-to-output voltage transfer function with

nonlinear feedforward in CCM, G, ¢y rpp (s) , has the RHPZ with comparison of the inductor current-

to-output voltage transfer function in DCM, G;, (s) This means that it has the RHPZ in CCM but

disappears in DCM.

______________________________________________________

Plant in CCM

1

VD
G, (S) MGy o (S) i

RCs+2

jupnptgpg - ————————
—
|
=]

RPN KU g S

Fig. 18. Block diagram of voltage control in CCM.

From Fig. 18, the transfer function from i; to i, is given as

where, k 7 1s the feedforward gain in the voltage loop.

And it can be rewritten as

s
a2
o o, o, S+,

iy s+o,(l+k,) a s+o, (1+k,)

where a, =V[/LIL.

R, A

(28)

(29)
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The feedforward gain, k 7 » 1s defined as

o (1+k,)=a, or kf:i‘; -1 (30)

c

As canceling with the all pass filter, the impact of RHPZ will be minimized. Hence the transfer

function from i, to i, can be approximated as

i o  —s+a 1 .
ii o (1+k,) s+a,  1+k, D

Fig. 19 shows the block diagram of voltage control in DCM. The feedforward current control shown in

Fig.17 is connected.
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Fig. 19. Block diagram of voltage control in DCM.

From Fig. 19, the transfer function from i; to i, is given as

L

i _ 1
i l+k,

(32)

The result is the same as (31). This means that the voltage control with the feedforward term in CCM
can be used in DCM. Therefore, the same voltage control in outer loop is always applied and the current

control in inner loop operates according to the operation mode.
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3.2. 4 Proposed Seamless Control System with Mode Tracker

Fig. 20 shows the proposed control block diagram with a mode tracker. DCM and CCM will be
determined by (13) - (17). From the critical boundary condition, K, , is calculated by the duty ratio, D.
Based on the output current,i,, and the output voltage ,v,, the instantaneous load resistor, ]@, can be
obtained in the boost converter. Then, the mode decision parameter, K , will be determined by R . To
avoid continuous variations of K , the low pass filter (LPF) is necessary. £ is the result of applying the
LPF to K. K will affect the transient response time of the output voltage during mode transitions. In the

mode tracker, K, is a set point and K is a variable signal with respect to the mode transitions. The

difference between K, and g implies the mode conditions. If K

i 18 greater than K , the mode is

CCM. If K, is less than g , the mode is DCM. If K

i 1s equal to K , it will be at the critical boundary
condition. The output of the proportional error amplifier,,., is a factor for decision of the operation

mode. If the error is close to a zero, this implies the system is near the critical boundary condition. The
value of critical boundary condition needs to be shifted from 0.0 to 0.5 because the mixed control gain is
defined within 0<k, <1 Therefore, an offset value of 0.5 is added in the output of %,,. In DCM and CCM,
the error will increase continuously. A limiter is used in order to make DCM and CCM result in
maximum and minimum values of &, . Therefore, the mixed control gain contains values within 0<k, <I.
If it is close to 0.5, the system is near the critical boundary condition between CCM and DCM. If k,, is 1
or O then it is operating in CCM or DCM. In the case of some value between O and 1, k, will be

proportional to the operating conditions.

26



i Gain E
; |

v d )
0 O | : + O L + C | : ¢ Nonlinear
- Feedforward

T

Boost Converter

VO
v, v ! -
T i S eiteefeeiteeieetetteitettet 1, <Ai, :DCM

:
1
|
:
i
I, > Ai, :CCM |
|
1
]
1
|
1
:
]

V,,Vi| K., =D(1-D) 1.0 k

02 Vi

+
1 D:l—% Z Ko +0.0 JC
K
L

Fig. 20. Proposed control block diagram with a mode tracker.

3.2.5 Stability and Robustness of Seamless Mode Transition
In order to get K., and K, feedback signals (iL,io,vl.,Vo) need to be measured. When feedback

signals are measured, there is some noises and error. Therefore, it will be difficult to track an exact
operation mode. Moreover, the critical boundary condition supposes that &, corresponds exactly to 0.5.
However, operation mode can be either CCM or DCM with some margin. As a result, there can be
unexpected transitions between both controllers. To verify robustness under parameter variations and
feedback signal errors, the proposed mode tracker is analyzed in the frequency domain. The analysis
assumes that the error of k, is about 10%. In this case, k,, at the critical boundary condition ranges from
0.4 to 0.6. Fig. 21 shows the mixed control block diagram with respect to CCM, DCM and k,,. We
consider two cases. First, the mixed controller shown in Fig. 22 is activated and the boost converter is
operated in CCM and the critical boundary condition (0.4<k,<1.0). Second, the mixed controller is

activated and the boost converter is operated in DCM and the critical boundary condition (0 <k, <0.6),
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Fig. 21. Mixed control block diagram with respect to the operation mode and k,, .

If the mixed controller is operating in CCM and the critical boundary condition (0.4 <k, <1.0), the

closed loop transfer function is given as

)= (Lok, +0.5DV, (1-k,)/1,)s+rok,

T (s (33)
nl Ls’ +(r+Lawk,)s+rok,
In the case where &, is 1, the transfer function is calculated as
a)C
T, (s)= (34)

This is expected for the voltage regulation in CCM. On the other hand, when the mixed controller
operates in DCM and the critical boundary condition (0<k, <0.6), the closed loop transfer function is

expressed as

(2D(1-k,)+ 1,k .k, )s+1,k Kk

pc m ic'm

(1,k, .k, +2D)s+1,kk

pc m ic'm

T (S) =

(35)

When km is zero, the transfer function is calculated as
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T, (s)=1 (36)

This is also expected for the voltage regulation in DCM. However, the cases of 0.4<k, A <0.6 can
result in unexpected transitions due to an uncertainty of the mode tracker. Based on the frequency domain

analysis, it determines the system stability during transitions.

The open loop gain of mixed controller with respect to CCM plant (0.4 <k, <0.6) is given as

k,k,s+kk,
p(s) = e @
Ls™ +rs
The open loop gain of mixed controller with respect to DCM plant (0.4 <k, <0.6) is given as
2k k, 1, s+ 2kk, I,
2 (s)= (38)
DV s

Fig. 22 shows the Bode plot of 7,(s). The cutoff frequency is about from 300Hz to 500Hz for
0.4<k, <0.6. Fig. 23 shows the bode plot of 7, (s). The cutoff frequency is about from 80Hz to 100Hz for
0.4 <k, <0.6 . The cutoff frequency of the current loop in Fig. 16 is about 1kHz. However, due to &, , the
overall bandwidth is decreased. Therefore the cutoff frequency of the mixed control loop in Fig. 21 is
slower than the cutoff frequency of the original control mode. However, both phase margins in loop gains
are about 90°, which means they are stable during mode transitions. Hence, the proposed method can

carry out the mode transition without instability.
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3.2.6 Transient Response during the mode transition
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Fig. 24. Simplified control block diagram.

Fig. 24 shows the simplified control block diagram during the mode transition. In Fig. 25, the transient
response time during the mode transition from CCM to DCM is within Sms because the bandwidth of the
mixed control loop is about from 100Hz to 1kHz in Fig. 22 and Fig. 23. The transient response during the
mode transition is related to two factors. One is £, and the other is the bandwidth of the LPF of the mode
tracker. In the individual controller design, we suppose that km is equal to 1 or 0. Therefore, the designed
controller’s bandwidth is high. In the critical boundary condition, k,, is reduced and it affects to the
overall bandwidth. In addition, in order to reduce continuous fluctuations near the critical boundary
condition, the LPF is used in the mode tracker. The designed bandwidth of LPF is about 50Hz. Finally,
during transient conditions, the controller response will be affected by the two factors and results in slow

response.

3.3 Simulation Results
Simulations and tests were carried out to verify the proposed control method. The system parameters

and ratings are listed in Table 1.
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TABLE I

Ratings and Known Parameters of Boost Converter and Control System

Ratings and Parameters Value Unit
Rated power 20 W
Output voltage 12 Vv
Input voltage 6 Vv
Inductance 15 uH
Capacitance 400 uF
Critical Resistance 25 Q
Switching Frequency 100 kHz
Sampling Frequency 10 kHz

Fig. 25 shows the simulation waveform of the transient response of the converter with load transitions

from 10 Q (CCM) to 25 Q (Critical boundary condition) and from 25 Q to 15 Q. During the load

transition, the transient response time of the output voltage is about S5Sms ~ 10ms. &, changes from 1.0 to

0.5 and from 0.5 to 1.0. It shows an approximate settling time of 10ms. Fig. 26 shows the simulation

waveform of the transient response of the converter with load transitions from 10 Q (CCM) to 100 Q

(DCM) and from 100 Q to 10 Q. During the load transition, the transient response time of the output

voltage is about Sms ~ 10ms. k,, is changed from 1.0 to 0.0 and from 0.0 to 1.0. Operation modes can be

changed smoothly within 5Sms. And the real inductor current,i,, is shown in Fig. 25 and Fig. 26.

Fig. 27 shows the simulation waveform of the transient response with a load transition from 10 Q to

12.5 Q. The load is decreased step by step incrementally. During load variations, voltage ripples are

between 12.1V and 11.6V.
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Fig. 25. Simulation waveform of transient response (10Q — 25 Q— 10 Q).
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Fig. 26. Simulation waveform of transient response (10Q2 — 100 Q— 10 Q).
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3.4 Experimental Results

Fig. 28 shows direct borohydride fuel cell (DBFC) and boost converter system. It consists of two
pumps, two fuel bottles, the DBFC stack, and the boost converter with supercapacitors. The
supercapacitors are intended to improve the response time in the case of using the DBFC as a power
source [26]. The algorithms for the overall operation are implemented with a TT DSP (TMS320F28035).
The monitored states are the inductor current, output voltage, and k,,. In order to observe current clearly,
a feedback current, i;,_s», which is the sampling current, is monitored because the inductor current has

switching ripple.

Boost Converter

with Super Cap

Fig. 28. DBFC and boost converter system.

Fig. 29 shows test waveforms of the transient response during the load change (25 Q < 10 Q) with
the proposed mixed control. The reference voltage is 12V. The fuel cell input voltage is 6V~8V. The
recovery time for the output voltage regulation is about 5ms and the under shoot voltage is -0.5V. Two
test waveforms show that the proposed control can make transitions between CCM and the critical
boundary condition smoothly. In addition, these test results are close to the simulation results. It is clear

that the proposed control method is verified by simulations and tests.
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Fig. 29. Test waveform of transient response in proposed mixed controller (Input voltage: 6.0V, Load : 25 Q < 10
0).(@)10Q>25Q.(b)25Q > 10 Q.

In order to show results more clearly, tests are carried out for different input voltages. A bench power
as input source is used. The input voltage is 4.5V. To compare the proposed mixed mode controller and

single mode controllers, the current mode and voltage mode controller are used.

Fig. 30 (a) shows test waveform under load variation from 40Q to 10Q in current mode control. The
recovery time for the output voltage regulation is about 30ms and the over or under shoot voltage is -1.0V.
Fig. 30 (b) shows the test waveform under load variation from 40Q to 10€ in voltage mode control. The
recovery time for the output voltage regulation is Sms~10ms and the under shoot voltage is less than -
0.8V. Fig. 30 (c) shows test waveform under load variation from 40Q to 10Q2 with the proposed mixed
control. The recovery time for the output voltage regulation is about 5Sms and the over or under shoot
voltage is less than -0.5V. Therefore, in this condition, the proposed mixed controller is faster than the

voltage and current mode controllers.
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Fig. 30. Test waveform of transient response (Input voltage: 4.5V, Load: 40 Q = 10 Q). (a) Current mode controller,
(b) Voltage mode controller, and (c) Proposed mixed controller.

Additional tests are performed to verify severe load transient conditions. The DCM condition is close
to no load. Fig. 31 (a) shows test waveforms under load variation from 10Q to 120Q in the current mode
control. Fig. 31 (b) shows test waveforms under load variation from 10Q to 120Q in the voltage mode
control. Both controllers are unstable during mode transitions. Fig. 31 (c) shows test waveforms under
load variation from 10Q to 120Q in the proposed mixed control. The recovery time for the output voltage
regulation is Sms~10ms and the under shoot voltage is less than -0.5V. The proposed mixed controller has

similar performance in comparison to previous test results. Therefore, the single mode controller will be
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unstable under these operating conditions. However, the proposed mixed controller has a wide range

operation without instability.
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Fig. 31. Test waveform of transient response (Input voltage: 4.5V, Load: 10 Q = 120 Q). (a) Current mode
controller, (b) Voltage mode controller, and (c) Proposed mixed controller.
3.5 Conclusion
In this chapter, a proposed seamless control scheme was proposed for the boost converter with wide
range stable operation in both CCM and DCM. The proposed controller was designed to improve the
stability and response time with CCM, DCM, and mode transition conditions. By adding the mode tracker,
the proposed control scheme proved smooth transitions between operation modes without chattering near

the critical boundary condition. Simulation and test results were well matched. The proposed control
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scheme will be very useful in the fuel cell portable application, which is required to operate for widely
variable input voltage conditions. In addition, the smooth and wide operation will also benefit to the
reliability of the fuel cell stack. Furthermore, the proposed principle will be applicable to the other mode

transient mechanisms such as grid mode transitions and master and slave mode transitions.
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CHAPTER 4. SEAMLESS CONTROL OF DG INVETERS FOR MODE TRANSITIONS
UNDER GRID DISTURBANCE

This chapter is to introduce a seamless grid interconnection control strategy for the renewable energy
distributed generations (DG)’. Based on the performance analysis of the conventional voltage and current
control loops, sophisticated control strategies, which can overcome the limited capability of the DG
inverter control in mode transition conditions for unknown power plant conditions, are needed in order to
protect critical loads and operate the DG inverter without fault trip. The proposed control strategy consists
of a current controller and a feedforward voltage controller to minimize the grid overvoltage. The
feedforward voltage control loop was added to the d-g-axis current control loop. The proposed control
strategy reduces the overvoltage stress of the renewable energy and the critical load under the grid fault or
disturbance conditions. In addition, the smooth operation of the inverter will also enhance the stability
and reliability of the grid. Real time digital simulator based hardware-in-the-loop experimental results and
simulation results showed that DG inverter could achieve seamless mode change under grid overvoltage
conditions.

4.1 Impact of DG Inverter in Overvoltage Conditions
4.1.1 Mode transitions of DG inverter in Overvoltage Conditions

Fig. 32 shows the occurrence of the critical load faults during the conventional mode transition in the
overvoltage. The disconnection time of the DG inverter from the grid according to voltage deviations of
IEEE 1547 standard is 1 second in 110% overvoltage and 0.16 second in 120% overvoltage [115].
Therefore, conventional mode transition from GC mode to SA mode will be acceptable during 10~60

cycles of fundamental frequency.

2 Most of the results presented in this chapter have been published in [138], and [139].
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Fig. 32. Occurrence of the critical load faults during conventional mode transition in the overvoltage.

However, since the critical load will encounter overvoltage fault due to the grid overvoltage within 1 or
2 cycles, the DG inverter needs to switch mode immediately to avoid the critical load fault. The grid
overvoltage results from two conditions: one is when the grid point common coupling (PCC) switch is
turned off, and the other is when the grid voltage is swelling.
4.1.2 Mode transition in the overvoltage condition due to PCC switch-off

Since the DG inverter cannot recognize whether the PCC switch is turned off or not, the PCC switch
can be turned off before the mode switch is turned off when the main grid is the fault condition. At this
point, the DG inverter continues with current control as in GC mode. Then, the output voltage condition
of the DG inverter will experience the overvoltage depending on the power conditions of the DG inverter

and the critical load. The overvoltage at the DG inverter is determined as

> S,

l.'f So ’Sg = 0’ then vo = vLimit (39)

where v,,; is the limited output value of the current controller, S, is the apparent power of the DG inverter,

§, is the apparent power in the critical load, and S, is apparent power in the grid.

The output voltage of the DG inverter will reach a limit value given in (39). It can exceed 110% of the
normal grid voltage. The DG inverter will be increased up to the saturated output voltage until the mode
transition that changes control from GC mode to SA mode. After the mode transition, the DG inverter will

regulate the output voltage to the normal level through the voltage controller in the SA mode.
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Fig.33 (a) shows the DG inverter power flow under overvoltage due to PCC switch off. Fig.33(b)
shows the voltage level with respect to operational mode and control mode in the overvoltage due to PCC
switch-off. If the DG inverter can change quickly from GC to SA mode within 1 ~ 2 cycles, then the

occurrence of the fault trip in the critical load will be reduced because the critical load experiences less

overvoltage.
S,=P4jQy Vi~Viny MOdE V, PCC switch off
DG Inverter switch on l .
2 Zg /”/ \\\
Yy O VY e *~—s f\j
—| G o o o -\‘-,*
S$;=Pj0: Gy
Critical Load . rid
S1.=Pr+0:
— «ayw\'-' | S,| >>|S;| : Overvoltage
|_I
(a)
Overvoltage
Normal Voltage | Normal Voltage
(88%~110%) I (88%~110%)
|
| | .
| l Time(s)
Grid connection : lGrid disconnection
GCmode | | SA mode
_(Current Control) J_ _ : __ (Voltage Control)

(b)

Fig. 33. Overvoltage due to PCC switch-off, (a) DG inverter power flow, (b) voltage level with respect
to operational mode and control mode

4.1.3 Mode transition in the overvoltage condition due to grid voltage swell

Fig. 34 (a) shows the DG inverter power flow in the overvoltage due to grid voltage swell. Fig. 34 (b)
shows the voltage level with respect to operational mode and control mode in the overvoltage due to grid
voltage swell. If the DG inverter performs a fast mode transition within 1 cycle in the overvoltage due to
grid voltage swell, the DG inverter fault such as an over-current may occur. Although the DG inverter

wants to regulate the output voltage in the grid voltage swell, it is difficult to control the output voltage,
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due to the lack of DG inverter capacity compared to the grid. It implies that the fast mode transition in the

grid voltage swell with one or two cycles can be failed due to the voltage control instability.

S,=P,+Q0, V(,ZV;’, Mode Vg PCC switch on
DG Inverter l ; .
‘ Z switchon l T
YvYy O—Q—IYVY “\ *—o—: f\J
N >
S, = P, +jQ, .
Critical Load ¢ “#Y%  Grid Voltage
S, =P, +0; Swell
£
(a)
Overvoltage
Normal Voltage Normal Voltage
(88%~110%) (88%~110%)
| |
| | Time(s)
Grid connection i I "
GC mode I | SA mode
(Current Control) ! k:‘ (Voltage Control)
< e >
(b)

Fig. 34. Overvoltage due to main grid voltage, (a) DG inverter power flow, (b) voltage level with respect
to operational mode and control mode

4.1. 4 Requirements for Fast Mode transition of DG inverter in overvoltage conditions

Fig. 35 (a) shows the voltage control in the critical load during fast mode transition in the overvoltage
due to PCC switch-off. The response time of the voltage controller depends on the critical load variation.
We assume that the minimum and maximum critical loads are 0.5% and 50% of the rated power of the
DG. This requires the robust voltage control with one cycle response from 0.5% critical load to 50%
critical load. Fig. 35 (b) shows the voltage and current control in the grid during fast mode transition in
the overvoltage due to grid voltage swell. The fast mode transition can make unexpected control mode in
the overvoltage due to grid voltage swell. The voltage control of DG inverter connected to the grid is not

able to regulate the grid voltage. It will cause the voltage control instability in the worst case. Even
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though the DG inverter still operates with the voltage control loop in GC mode within short durations, it

needs to be changed from voltage control to current control in overvoltage due to grid voltage swell.

+._ Overvoltage
Normal Voltage  |*~<>~. Normal Voltage Normal Voltage Overvoltage Normal Voltage
(88%~110%) NN (88%~110%) (88%~110%) (88%~110%)
_____ Szl T
| 1~2 cycles | | 1~2 cycles |
. S i
D E— Tlme(sl | | T|me(sl
Critical Load Voltage Control l—}l Grid |
Voltage Control |—>| (0.5%) | i
t Critical Load Current Control Grid
Voltage Control |—>| (50%) | > |
(a) (b)

Fig. 35. Control state during fast mode transition (a) overvoltage due to PCC switch-off, (b) overvoltage
due to grid voltage swell

Hence, the voltage control needs to have fast response time under the critical load variation to make the
fast mode transition in the overvoltage due to PCC switch-off. In addition, the voltage control needs to
guarantee the stable operation in the overvoltage due to grid voltage swell. It means that the voltage
control is necessary to be designed with considering plants in GC and SA modes. It will satisfy a seamless
control of the DG inverter with the critical load safety in overvoltage conditions.

4.2 Conventional DG Inverter Control with Operational Modes

4.2.1 DG inverter Modeling in GC mode and SA mode (Appendix A)
Fig. 36 shows the circuit diagram of the DG inverter with the main grid and the critical load. It consists

of the three phase dc-ac inverter, the LCL filter, and switches. State variables are defined as below:

V is the inverter voltage, V. is the capacitor voltage of the LCL filter , v, is the output voltage, V, is

the grid voltage, I is the inverter current, I, is the capacitor current of the LCL filter, I, is the output
current, ks the resistive load current, , is the inductive load current, and i is the capacitive load current,
L is the filter inductor, C, is the filter capacitor, L is the grid inductor , R is the resistor of the critical
load, L is the inductor of the critical load, G is the capacitor of the critical load, and ®,, is the resonance

frequency of the LCL filter. The rated capacity of the dc-ac inverter is 30kVA. The rated active power of
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the DG is 20kW. The rated grid voltage, v, is 440VAC line-to-line. The dc-link voltage of dc-ac inverter is

800V. The LCL filter’ values are L; =L, =2mH and C, =21uF [116-1138].

Mode PCC
DG Inverter i i, Switch Swich  Grid
. ———p T TTTTTTT TS '
! - :i ®
‘ “ Sy S - :4 4
| 1 1
_I f fJ-C: : : ! '/L':'vo 1V GC mode
V p . ) - e 9 ! 1
] ci e 'y ; ; : ] ]
v vy |l Ty oy
'\_R____I_L___l_c___,l

SA mode Critical Load

Fig. 36. Circuit diagram of the DG inverter with the grid and the critical load

The following expression is used to transform the abc axis variables to the a-f axis variables into a

complex space vector form:

j2xi3

2 .
Xop =Xy + JXg :E(x“ +x,e +xce-’4”/3) (40)

where, X5 is the complex space vector in the a-f axis.
To transform the a-f axis variables to the d-g axis variables, the complex space vector form is defined
as
Xyg =Xy + jx, =Xppe (41)
where, *4; is the complex space vector in the d-g axis. 8 = @t . The d-axis is related to the active power.

The g axis is related to the reactive power.

From Fig.36, complex space vector equations in the d-q axis are given as

v, =L diy, + jowL,i, +v (42)
dg — f dl J 'f*dq cdq
i =C Py + joC.v (43)
g =0 T JOLLY oy
idq = iodq + icdq (44)
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v +v

odgq odg

‘iiodq . .
cdg = Lg _dt +]a)ng

In GC mode, the output voltage is the same as the grid voltage.

In SA mode, the output voltage is determined as

/4
_ Ldq . .
vodq - lﬂ dt _F-]CUlﬂlqu

14

dv
d d .
=24 4 ( | %% 4 ](Z)( W

i +1i
odgq odq Ldg
R dt

From (47) and (48), the complex impedance of the critical load is given as

14

."_‘l‘fzzl (S)Z 2, (s)+jZ,b(S)

lndq

Impedance transfer functions are expressed as

a,;s’ +a,s’ +as+a,
Zu ()

4 3 2
§T+e, 8" o8+ s+,

b,s* +h,

4 3 2
D R N S o

2 (5)=

where
a _L a _—1 a _C!)_2+ ! a, = a)2
e’ RGN ¢ LGP RCH
1 3 2 2 1
l)2 = — ’l%D = fZZ_.__ @ > C3 = ’(32 = :Z(z)z 4—-—————-—%————5————5-’
(:} (:} lﬁ(:& \ 1?1(:} ‘lﬁ(:b 1?1 (:U

2 2 2 4 2 2 602 1
"+ 7:Cp =@ o+ 3 2-l- TP
1?1(3 1ellﬁ(:} lﬁ(:} 1?1 (:} l% (;

(45)

(46)

47)

(48)

(49)

(50)

(5D

Based on (50) - (52), the response time of voltage controllers will be investigated in SA mode. Parameters

with respect to power consumption of the critical load are given in Table II.
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TABLEII
PARAMETERS WITH RESPECT TO POWER CONSUMPTION OF THE CRITICAL LOAD
(NOMINAL LINE-TO-LINE VOLTAGE: 440VAC, NOMINAL FREQUENCY: 60HZ)

Critical Load R©@ L, mH) A
Type -
Min. Max. Min. Max. Min. Max.
Resistive load 1936 19.36
(R load) (0.1kW) | (10kW)
Resistiveand =} o300 | 1936 | 1027 514

Inductive loads

(RL loads) (0.1kW) | (10kW) [(5kVar) (10kVar)

Resistive and

. 1936 19.36 68.507 137.01
Capacitive loads R R
(RC loads) (0.1kW) | (10kW) S5kVar) |(10kVar)
Resistive,
Inductive and 1936 19.36 102.7 51.4 68.507 | 137.01

Capacitive loads
(0.1kW) | (10kW) [(5kVar) (10kVar) SkVar) |(10kVar)

(RLC loads)

Fig. 37 shows the transfer function block diagram of the DG inverter in either GC or SA modes based

on (42) — (49).

gdq

Mode Switch .%V —

vdq+_ 1 iz]q +_" i('dq 1 vcdq +_" 1 i()dq + vl)dq
— L;s — C;s - L, s _ %la (S)
S i g
joL; joCrle joL, |« Jzu (5)

Fig. 37. Transfer function block diagram of the DG inverter.
4.2.2 Current Control in GC mode
Fig. 38 shows the transfer function block diagram of the DG inverter in GC mode. The active damping
control to remove a resonance of the LCL filter can be added. Therefore, voltage and current controllers
of the DG inverter are designed based on the dynamic plant models of the DG inverter with the active
damping. The d-g axis coupling terms in Fig. 37 can be removed through feedforward methods. The

output current feedforward method in Fig. 38 will minimize the impact of grid impedance [118-120].
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Fig. 38. Transfer function block diagram of DG inverter in GC mode

The LCL filter can be expressed as a second order system because it is damped by an additional
compensator. In Fig. 38, the v;[— to- v, transfer function, which is equivalent active damping LCL filter,
is given as

V. 0)2
G.(s)= idq — LC 52
(5) v, §+2lw.s+;. ©2)

cdq

1
O c=—7—, ¢c=0.707
where @ic ,—Lf Cf , ¢ =0.707 .

Fig. 39 shows the transfer function block diagram in SA mode. The decoupling impedance, z;, (s) , will

be ignored because it is regarded as a disturbance term.

5 G (5) 1501 11 | 30-»1 s (9) 4%
g

JjoL, T2 (S) —

Fig. 39. Transfer function block diagram of DG inverter in SA mode

Fig. 40 shows the current control block diagram in GC mode. The compensator is designed with a PI

bncontroller.
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Fig. 40. Current control block diagram in GC mode
4.2.3 Voltage control in SA mode
Fig.41 shows the voltage control block diagram in SA mode. The compensator is designed with a PI
controller. In inner loop, the current control can be added. This can be optional. Two voltage controls with

/ without current loop will have different dynamics.

\

:Voltage Controller |

¥ :
v v

) Jod + od _ |

| PI ——>,

] - [}

| |

[} [}

: Vod 4.. :

] [}

} [}

| |

] [}

| |

[} [}

} % }

oq |

PI ——>,

[}

[}

[}

/]

- = = = = —— = = = = = = = Sm = = e e = = = = = = = = = = = = = = = = =

Fig. 41. Voltage control block diagram in SA mode
4.2.4 Performance and Limitation of Voltage Control in the overvoltage conditions
There are a lot of approaches to regulate the ac output voltages of the dc-ac inverter in ac power
supplies or uninterruptible power supplies. The ac output terminal of the dc-ac inverter can be connected
to an LCL filter to reduce switching harmonics. It can be implemented by the current control method, in

which inner loop is used by current controller for over-current protection and outer loop is used by
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voltage controller. However, this method has the limitation in the response time of the voltage regulation
under variable and distorting loads.

The voltage controller has to provide the fast regulation of the output voltage during overvoltage
condition due to PCC switch-off. If the overvoltage occurs by the grid swell with one cycle, the voltage
control should be stable in the grid connection. The DG inverter will go back to original GC mode after
recognizing the overvoltage due to grid voltage swell. Therefore, it is important to design the voltage
control with fast regulation and stable operation in the overvoltage conditions. It means that the voltage
control needs to consider two operational modes. Here, we will compare the voltage control method with
the current loop and without the current loop in termers of response time in SA mode and stability in GC
mode.

Fig. 42 shows the simplified voltage control loop with current loop in SA mode. The compensator is

designed with a PI controller. In the inner loop, the current loop has variable parameters with respect to
the critical load impedance, 7, (S) . Therefore, the dynamic response will be different according to z,(s).

Moreover, it will affect to the dynamic response of voltage loop. At the light load condition, the current
will be decreased. Then, it will be more difficult to regulate the output voltage. In the worst case, this

controller will be worst to regulate in no load condition.

’
1 Current Loop in SA mode :
% [ % *
Vodqt Yodg+ Yedg Vedg 1 :
PI Pl G, (s) » z,, (s
1
_ : . f Lq s+ Zla (Y) : a ( )
] .
[} ludq [}
vodq '\_ ____________________________ /l

Fig. 42. Simplified voltage control loop with current loop in SA mode.

Fig. 43 shows responses of the voltage control with current loop according to the critical load type in
Table 1. Fig 43 (a) shows frequency responses of open loop gain according to the resistive load. Fig. 43 (b)
shows step responses of the voltage control with current loop with the resistive load. In cases of resistive,
inductive, and capacitive loads, frequency and step responses are shown in Fig. 43 (c) and (d),

respectively. There is no instability according to the critical load type. However, the response time of the
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current controller varies with respect to the resistive load. Hence, it is difficult to achieve the voltage

regulation with no overshoot in very light resistive load condition because of the inner current loop

response is sensitive to the resistive load. Finally, the overshoot will make additional overvoltage. On the

other hand, if this controller is operated in the overvoltage due to grid voltage swell, then the DG inverter

operation will be stable because the output current flow can be limited.
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Fig. 43. Responses of the voltage control with current loop according to the critical load type. (a) frequency
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RC, RLC loads), (d) step responses (RL, RC, RLC loads).
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odgq

Fig. 44. Simplified voltage control loop without the current control loop in SA mode.

Fig. 44 shows the simplified voltage control loop without current loop in SA mode. The compensator is
designed with a PI controller. The voltage loop response varies with respect to the critical load impedance,
z.(s). Fig. 45 shows responses of the voltage control with current loop according to the critical load type
in Table I. Fig. 45 (a) shows the frequency response of the open loop gain in the resistive load. Fig. 45 (b)
shows the step response of the voltage loop with resistive load. In cases of resistive, inductive, and
capacitive loads, frequency and step responses are shown in Fig.45 (c) and (d), respectively. Responses of
the voltage control without current loop shown in Fig. 43 are fixed with respect to the resistive load. It
implies that the voltage control without current loop is robust under the resistive load variation. However,
it can be unstable under either inductive or capacitive loads because there exists some resonance points
shown in Fig. 45 (c). Moreover, in the overvoltage due to the grid voltage swell, it will make uncontrolled

current flow, because there is no inner current loop.
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Fig. 45. Responses of the voltage control without current loop according to the critical load type. (a)
frequency responses of open loop gain (R load), (b) step responses (R load), (c) frequency responses of
open loop gain (RL, RC, and RLC loads), and (d) step responses (RL, RC, and RLC loads).

4.3 Seamless Control Strategy in Overvoltage Conditions

4.3.1 Proposed controller configuration
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Fig. 46. Proposed overall control block diagram.
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Fig. 46 shows the proposed overall control block diagram. It is designed based on the synchronous
reference frame, which means the d-q axis. The active power is controlled in the d-axis. And the reactive
power is controlled in the g-axis. In GC mode, the current control with the current reference calculation
from active and reactive power references is selected by the operational mode decision under the
overvoltage conditions. In SA mode, the current controller is connected by the current reference
calculation with the d-q axis voltage references. The current reference calculation will be explained in
(16)-(19). In addition, a feedforward voltage control is added in the d-g axis current control. Therefore,
the proposed feedforward voltage controller in the d-g axis can help the fast voltage regulation in SA

mode. The angle control detects the grid angle by regulating the d-axis voltage.

4.3.2 Current Reference Calculation with respect to Operational Modes

The output power of the DG inverter is given as

P = %(vodiod FVoglog ) (53)
3 ) .
0, =5(v,,q d ~Vadlny) (54)

where, F, is the output active power, @, is the output reactive power.

From (53) and (54), the d-q axis current references with respect to the active and reactive power
reference in GC mode can be derived as

SR *
Lod 2 Vod  Voq || B,
s T2 2 (35)
l' 3 2 + 2 Q*
oq Vod Voq voq Vod 0

where, P, is the output active power reference , Q, is the output reactive power reference, i,, is the

d-axis output current reference, ir, is the g-axis output current reference.

The d-g-axis current references with respect to the d-q axis output voltage references in SA mode can

be derived as
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T a2
l”q 3 (Vod + voq

o 2 {Po _Qﬂ Voa
)

*
vnq

where, v,, is the d-axis output voltage reference, v., is the g-axis output voltage reference.

Fig. 47 shows a state flow diagram for the operational mode decision in overvoltage conditions. In GC
mode, the mode switch is turned on. The current reference with respect to the active and reactive power is
determined by (56). In the overvoltage (OV) condition, the mode switch continues to be turned on. The
current reference with respect to the active and reactive power is determined by (56). After changing from
the current reference in (55) to the current reference in (56), the DG inverter experience two different
behaviors of the current loop during OV condition.

If the error value of the current control in Fig. 47 is decreased near to zero, the overvoltage comes from
PCC switch-off because the current reference in (56) is matched to the critical load. The DG inverter will
change from OV condition to the SA mode in Fig. 47 (a). In the SA mode, the mode switch is turned off.
The current reference with respect to the active and reactive power is determined by (56). If the error
value of the current control is increased, the output of current control will reach the limited value. In this
case, the overvoltage is caused by the grid voltage swell. The DG inverter can return from OV condition

to GC mode in Fig. 47(b).

GC mode
- Mode Switch : ON
- Current Reference
:Eq (57)
™\ 4
OV condition SA mode OV condition | GC mode
- Mode Switch : ON - Mode Switch : OFF - Mode Switch : ON - Mode Switch : ON
- Current Reference - Current Reference - Current Reference |- Current Reference
1 Eq (58) 1 Eq (58) 1 Eq (58) 1 Eq (57)
) .
(a) (b)

Fig. 47. State flow diagram for operational mode decision in overvoltage conditions, (a) overvoltage due to PCC
switch-off, (b) overvoltage due to grid voltage swell.

4.3.3 Current Control with Feed forward Voltage loop

Fig. 48 shows the block diagram of the current control with feedforward voltage loop in SA mode.
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Fig. 48. Block diagram of the simplified current control with feed forward voltage loop in SA mode.

In the current loop, the current reference is calculated as
ok —1 *
t()dq =2 (S)vodq (57)

From Fig. 48, the output current can be expressed as

i =

odq ( ) lodq
an
s*+ (2gca)cc + IHLJ s+ )}

1 (58)

ve *
(vodq_vodq)
2 Za () ) S
5T+ 26,0, +— s+,
L,

From (58), the closed transfer function in d-q axis can be derived as

2 (5)

odgq Lg a,

* % - (59)
Vodq lodq S2 + [zga)c + ZluL(S)J 2, (S)

2
@5+ @5 +

14 1

odq c

3
where, Kpee =26.0. Ly | kioe =0lL, | kpe =0, 100 k. =0, | o,is the bandwidth of the current
controller, and, «,. is the bandwidth of the voltage controller.
Fig. 49 shows responses of the current control with feedforward voltage loop according to the critical
load type in Table I. Fig. 49 (a) shows the open loop gain’s frequency responses of the current control
with feedforward voltage loop in the resistive load. Fig. 49 (b) shows the step response of the current

control with feedforward voltage loop in the resistive load. Fig. 49 (c) and (d) show the open loop gain’s
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frequency responses and step responses of the current control with feedforward voltage loop in resistive,
inductive, and capacitive loads, respectively. Response times of the output voltage are almost constant in
regardless with the critical load type. That means that the proposed control scheme is very robust under
resistive, inductive, capacitive load variation. Specially, the proposed control is able to regulate in the no

load condition because of the feedforward voltage loop.

Bode Diagram Step Response
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Fig. 49. Responses of the current control with feedforward voltage loop according to the critical load type. (a)
frequency responses of open loop gain (R load), (b) step responses (R load), (c) frequency responses of open loop

gain (RL, RC, and RLC loads), and (d) step responses (RL, RC, and RLC loads).

If this control loop is activated in GC mode, the d-q axis current loop is operated with respect to the
grid impedance. There is no effect in the g-axis current loop because the g-axis feed forward voltage

control is regulated with a zero reference. On the other hand, the d-axis feed forward voltage loop’s
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output is fixed by the voltage limiter when the d-axis voltage reference is not same to the d-axis grid
voltage. Hence, this control scheme is stable in the GC mode.
4.4 Simulation Results

The DG inverter needs to consider two cases; one is the overvoltage of the DG inverter resulting from
the PCC switch-off, and the other one is the overvoltage due to the grid voltage swell. Based on Table I,
we will compare response time of controllers. The critical load condition is given as below:

1) Resistive load: R, =1936€Q2(0.1kW)  and R, =38.72Q(5kW)
2) Resistive and inductive loads: R, =1936Q(0.1kW), L, =51.4mH (10kVar)

3) Resistive and capacitive loads: R, =1936€(0.1kW),C; =137.01uF (-10kVar)

4) Resistive, inductive and capacitive loads

: R, =38.72Q(5kW) | L, =102.7mH (5kVar) , C; = 68.507 uF (~10kVar)

Fig. 50 shows simulation results of the conventional mode transition from the current control to the
voltage control without the current loop. The response time of the voltage regulation is within one cycle
in the overvoltage due to switch-off period with 0.1kW resistive load shown in Fig. 50 (a) and with SkW
resistive load shown in Fig. 50 (b), 0.1kW resistive and 10kVar inductive loads in Fig. 50 (c). However, it
is unstable during the mode transition with 0.1kW resistive, -10kVar capacitive loads in Fig. 50 (d) and
5kW resistive, SkVar inductive, -10kVar capacitive loads in Fig. 50 (e).

Moreover, the mode transition during grid voltage swells in Fig. 50 (f) shows unstable operation of the

DG inverter in terms of uncontrolled current flow.
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Fig. 50. Simulation results of the conventional mode transition from the current control to the voltage control with
the current loop. PCC switch-off period with (a) 0.1kW resistive load, (b) SkW resistive load, (c) 0.1kW resistive
and 10kVar inductive loads, (d) 0.1kW resistive, -10kVar capacitive loads, (e) SkW resistive, SkVar inductive, -

10kVar capacitive loads, and (f) grid voltage swell.

Fig. 51 shows simulation results of the conventional mode transition from the current control to the
voltage control with the current loop. The output voltage is not regulated within one cycle in the
overvoltage due to switch-off period with 0.1kW resistive load in Fig. 51 (a), 0.1kW resistive and 10kVar
inductive loads in Fig. 51 (c), and 0.1kW resistive, -10kVar capacitive loads in Fig. 51 (e). The mode
transition with 5kW resistive load in Fig. 51 (b) and 5kW resistive, SkVar inductive, -10kVar capacitive
loads in Fig. 51 (e) are acceptable. And the mode transition during grid voltage swells in Fig. 51 (f) shows

stable DG inverter operation with limited current flow.
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Fig. 51. Simulation results of the conventional mode transition from the current control to the voltage control

without the current loop. PCC switch-off period with (a) 0.1kW resistive load, (b) SkW resistive load, (c¢) 0.1kW

resistive and 10kVar inductive loads, (d) 0.1kW resistive, -10kVar capacitive loads, (e) SkW resistive, SkVar
inductive, -10kVar capacitive loads, and (f) grid voltage swell.
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Fig. 52. Simulation results of the proposed mode transition in current control with feedforward voltage loop. PCC
switch-off period with (a) 0.1kW resistive load, (b) SkW resistive load, (c) 0.1kW resistive and 10kVar inductive
loads, (d) 0.1kW resistive, -10kVar capacitive loads, (e) SkW resistive, SkVar inductive, -10kVar capacitive loads,
and (f) grid voltage swell.
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Fig. 52 shows simulation results of the proposed mode transition using the current control with
feedforward voltage loop. The response time of the voltage regulation is within one cycle in the
overvoltage due to switch-off period with all critical loads in Fig. 52 (a), (b), (c), (d), and (e). Moreover,
the mode transition during grid voltage swells in Fig. 52 (f) shows stable DG inverter operation with

limited current flow.

TABLE III
COMPARISON OF CONTROLLERS PERFORMANCE FOR MODE TRANSITION
SA mode
RLC loads
Control Scheme
R load R load RL loads RC loads 38.72Q(5kW) GC mode
1936Q(0.1kW) 19.36Q(10kW) 1936Q(0.1kW) 1936Q(0.1kW) 51.4mH(10kVar)
51.4mH(10kVar) 137.01pF(-10kVar) | 137.01uF(-10kVar)
Voltage control
without Fast response Fast response Fast response Unstable Unstable Unstable
current loop
Voltage control
Slow response Fast response Slow response Slow response Fast response Stable
with current loop
Current control
with feedforward Fast response Fast response Fast response Fast response Fast response Stable
voltage loop

Table III shows the comparison of controller’s performance for operational mode transition based on
the simulation results. The voltage control without current loop can achieve a fast response time with
either resistive load or inductive load. However, it is unstable during the mode transition due to switch-off
period with capacitive load, and the mode transition during grid voltage swells in GC mode because of no
current limitation. On the other hand, the voltage control with current loop is stable during the mode
transition due to switch-off period with capacitive load, and the mode transition during grid voltage swells
in GC mode. However, it is difficult to achieve fast voltage regulation with one cycle in light resistive
load. The proposed current control with feedforward voltage loop is not only a robust under the resistive,

inductive, and coactive loads in terms of fast response time of voltage regulation but also stable in
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unexpected mode transition in the overvoltage due to the grid voltage swell. As a result, the mode
transition using the proposed current control with feedforward voltage loop can minimize the overvoltage
during the PCC switch-off period and it can perform ride through without the DG inverter trip in the

overvoltage due to the grid voltage swell.

4.5 Experimental Results
4.5.1 Hardware- In- the Loop Test using RTDS

Fig. 53 shows the experimental setup of hardware in the loop using real time digital simulator (RTDS).
Power switch circuits including the DG inverter, LCL filter, step-down transformer connecting to the
main power grid, and other power components are built in RSCAD. They are emulated in the RTDS. The
proposed seamless control algorithm was implemented by the digital controller using the DSP control
board (TMS320F28335). All PWM signals are transmitted RTDS through GTDI card. All voltage and

current signals are measured from the output of GTAO card.

DSP Control Board - RSCAD

Mode Switch '’ . 11

Voltage

Current

Critical Load DG Inverter

L S S

Fig. 53. Experimental setup of hardware in the loop using RTDS
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4.5.2 Experimental Wave forms

Fig. 54 shows experimental waveforms of current control in GC mode during PCC switch-off period.
Normal voltage is 88%~110% of the grid voltage. It shows that the current control in GC mode continues
to operate during PCC switch-off period. The difference of the power between the DG inverter (20kW)

and the resistive load (3.3kW) makes the overvoltage (130%).

20ms/div|

L(180W/div)

RCC switch o

GC mode

Time(20ms/div)

Fig. 54. Experimental waveform of current control in GC mode during PCC switch-off period with 3.3kW resistive
load

Fig. 55 (a) shows experimental waveforms of the conventional mode transition from GC mode to SA
mode during PCC switch-off period without the critical load. The control mode of the DG inverter is
changed from the current control to the voltage control. The output voltage is regulated within 10msec.
Fig. 55 (b) shows test waveform of the conventional control mode change during grid voltage swells. The
control mode is changed from the current control in GC mode to the voltage control in GC mode. After
the control mode is changed, the current of the DG inverter is increased, because the conventional voltage
control has no the inner current loop with the current limiter. Therefore, the conventional voltage control
has fast regulation capability in the overvoltage due to the PCC switch-off with no load condition.
However, if the grid voltage swells, then the operation of the DG inverter becomes unstable likewise the

reverse power flow.
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Fig. 55. Experimental waveforms of conventional mode transition using the voltage control without current loop, (a)

mode transition from GC mode to SA mode during PCC switch-off period without critical load, (b) mode transition
from GC mode to SA mode during grid voltage swell.

Fig. 56 (a) shows experimental waveforms of the proposed mode transition from GC mode to SA mode
during PCC switch-off period without the critical load. The control mode of the DG inverter is used by
the current control with feedforward voltage loop with changing the current reference in GC mode. The
output voltage is regulated within 5ms. Fig. 56 (b) shows experimental waveforms of the proposed
control mode change during grid voltage swell. The control mode of the DG inverter is used by the
current control with feedforward voltage loop with changing the current reference in GC mode. After the
operational mode is changed, the limited d-g-axis current will be generated. In the case of the grid voltage
swell, the DG inverter will be operated by the current control with feedforward voltage loop using current
reference in SA mode. After checking the grid fault, the DG inverter will change the current reference in
SA mode to the current reference in GC mode without the instability shown in Fig. 56 (b).

Fig. 57 shows experimental waveforms of the proposed mode transition using the current control with
feedforward voltage loop. Fig. 57 (a) shows the mode transition from 20kW active power generation in
GC mode to 0.1kW resistive and 10kVar inductive loads in SA mode. The recovery time is within 10ms.
Fig.57 (b) shows the mode transition from 20kW active power generation in GC mode to 5kW resistive,
SkVar inductive, -10kVar capacitive loads in SA mode. The recovery time is within 10ms, which means

that the proposed control method can transfer from GC mode to SA mode seamlessly.
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Therefore, the fast mode transition can be carried out in order to minimize the overvoltage occurrence
during the PCC switch-off period. This stable operation of DG inverter can be considered as ride through

capability in the overvoltage due to the grid voltage swell.
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Time(20ms/div)

GC mode OV Condition SAmode GClmode " lov condition
Time(20ms/div) I

(a) (b)
Fig. 56. Experimental waveforms of the proposed mode transition using the current control with feedforward voltage
loop, (a) mode transition from GC mode to SA mode during PCC switch-off period without critical load, (b) control
mode change during grid voltage swell
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Fig. 57. Experimental waveforms of the proposed mode transition using the current control with feedforward voltage
loop, (a) mode transition from 20kW power generation in GC mode to 0.1kW resistive and 10kVar inductive loads
in SA mode,(b) mode transition from 20kW power generation in GC mode to SkW resistive, SkVar inductive, -
10kVar capacitive loads in SA mode
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4.6 Conclusion

This chapter presented a control strategy considering the response time of regulating output voltage in
standalone operational mode transitions and stable operation of voltage control loop in grid connection
mode under grid voltage overvoltage conditions. Conventional current control and voltage control loops
have limited response for unknown power plant conditions during mode transition. The proposed control
loop consists of a current controller and a feedforward voltage controller, which minimizes the grid
overvoltage. The feedforward voltage control loop was added to the d-g axis current control loop. It
responded within 1 or 2 cycles to protect the critical load in standalone operation during the grid fault
conditions, and regulated the output voltage to maintain the critical load in standalone operational mode
during the grid fault conditions. The proposed control strategy reduces the impact of the renewable energy
and the critical load under the grid fault or disturbance conditions. In addition, the smooth operation of
the distributed generation inverter will also enhance the stability and reliability of the utility grid. Real
time digital simulator based hardware in the loop tests and simulation results showed that distributed

generation inverter is able to achieve seamless mode change under grid overvoltage conditions.
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CHAPTER 5. CONTROL OF LCL FILTER BASED DG INVERTERS TO SUPPRESS
DC POWER OSCILLATION UNDER GRID VOLTAGE UNBALANCE

This chapter presents how to suppress a dc power oscillation of the LCL filter based DG inverter under
unbalanced operating conditions’. The grid voltage unbalance affects to oscillate the dc voltage and dc
current at the dc-link. This influences the life cycle of renewable energy systems such as photovoltaic or
fuel cell power plants. In order to minimize the dc power oscillation, an enhanced current reference for
the dc power oscillation suppression is necessary, because the conventional current reference is
acceptable only for L filter based DG inverters but limited for LCL filter based DG inverters.

A new 0-y transformation is proposed on the unbalanced rotating frame so that the unbalanced current
vector becomes a constant vector without oscillation. By using the J-y transformation, the -y frame
current controller enables regulation of a constant current in the J-y axis as well as enhancement of the
bandwidth of the controller. The proposed J-y frame current controller with improved current reference
enables minimization of the dc power oscillation and enhancement of the response time of current control
loop. The proposed control method will reduce the impact to the renewable energy sources under grid
voltage unbalance. As a result, the dc power conversion without oscillation of the DG inverter will
improve the stability and reliability of renewable energy sources. Simulation and hardware-in-the loop
experimental results validated the proposed control method under unbalanced operating conditions.

5.1 Control overview of LCL filter based DG inverter under grid voltage unbalance

The objective of this chapter is 1) to minimize both dc voltage and dc current oscillations by means of
the dc power oscillation, 2) to control sinusoidal output current without distortion under grid voltage
unbalance. Fig. 58 shows a control overview to suppress the dc power oscillation of the LCL filter based
DG inverter under grid voltage unbalance. The grid voltage unbalance affects the DG source with dc
voltage and dc current ripples due to dc oscillating power generation and the output ac current with

distortion as disturbances.

? Some of the results presented in this chapter have been published in [140 ].
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Fig.58. Overall control approaches to suppress dc power oscillation under grid voltage unbalance

Diverse current control schemes have been proposed to overcome these issues in the case of L filter
based dc-ac inverters [101-104]. Their approaches are designed based on symmetrical coordinate method
to extract the positive- and negative- sequence components of unbalanced current and voltage. Then, it
regulates the positive- and negative- sequence current components [98]. Flexible active and reactive
powers are generated by removing the oscillating powers of the inverter or the grid [105]. A constant
active power generation without oscillating powers of the inverter is able to minimize the dc voltage and
dc current oscillations because the dc power is linked to the active power of the inverter directly.
However, the conventional approaches are limited to suppress the dc power oscillation for the LCL filter
based dc-ac inverters. Therefore, we need an enhanced current reference to remove the dc oscillating
powers by deriving a new current matrix.

In order to regulate the positive- and negative- sequence current components without distortion, double
synchronous reference (d-g) frame current controllers have been proposed with conventional current

reference blocks [101-104]. Conventional double d-g frame current controller is composed of positive-
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sequence d-g frame current controller and negative-sequence d-g frame current controller as extracting
the positive- and negative-sequence current components with filters in the feedback. The performance is
limited to improve the bandwidth of the controllers. Therefore, an enhanced current control scheme is
proposed in this chapter.

5.2 Impact of DG Inverter under Grid Voltage Unbalance

5.1.1 DG inverter modeling under unbalanced grid voltage

LCL Filter
DG Inverter /=~ """ P

Renewable
Energy
Source

1
L -
-
a «
-==-»
=
s
- [.=
ll%
g O
g
~
(2]
23

Fig. 59. Power flow of the LCL filter based DG inverter under unbalanced grid voltage.

Fig. 59 shows the LCL filter based DG inverter and its power flow under unbalanced grid voltage.

where, V . the inverter voltage, v. : the capacitor voltage of the LCL filter , V, : the grid voltage, i :
the inverter current, i, : the output current, v, : the DG source voltage, and i, : the dc current, Lf . the

filter inductor, Cf : the filter capacitor, Lg : the grid inductor, C, : the dc link capacitor, R,: the input

impedance of the dc source, @, ., : the resonance frequency of the LCL filter.

The LCL filter based DG inverter system consists of the dc-ac inverter, the LCL filter, and the
transformer. They are linked to the grid. When grid faults at the output of transformer occur, the input
voltage of transformer will experience unbalanced grid voltage. Due to voltage unbalance, ac power
oscillation is generated in the dc-ac inverter. Then dc current and dc voltage oscillations are generated at
the dc-link due to oscillating active power of the dc-ac inverter. Thus, the dc power oscillation can affect

the renewable energy source.
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Current and voltage equations at the dc-link are given as

V.=Ri, +v, (60)
dv, p
i, =C, —de 4 Tac 61
dc dc dt Vdc ( )
Po =Re(s,.) (62)

The instantaneous power of dc-ac inverter is given as

3 - 3 -
S, = Evd" Ay = Ev”ﬁ Lo (63)

During unbalanced operating condition, the space vector in the a-f axis consists of the positive-
sequence state vector in the d-g axis with respect to ¢*/? and the negative-sequence state vector in the d-q
—jo

axis with respect to ¢/ as follows:

. tjO .+ -Jjo .-
Xp=€" X4 +e X, (64)

where x;q =X, + jx; , X4, =X, +JX,, 0=at, 0: the phase angle of the grid voltage and , @ =27 f : the

frequency of the grid voltage.

The positive-sequence voltage and current equations in the d-q axis are express as follows:

.t

v, =L, d—‘;"+ joL;i, +v, (65)

i =C, d‘;}’q b joCy, +il, (66)

v =L, %’%"+ joLi, +v.,. (67)
The negative-sequence voltage and current equations in the d-q axis are given as follows:

v, =L, %— joL;i, +v,, (68)
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dvcdq

i,=C, " —JjoCw_, +i, (69)
- dig, . .
Ve =L, dtq —joLi, +v,, (70)

5.1.2 Dc power oscillation due to oscillating ac power under grid voltage unbalance

During grid voltage unbalance, ac active and reactive powers of the dc-ac inverter are expressed as

3 + jot - —jot T+ —jot | T - jo .
S, =§(vdqe’ +v,e’ )-(ldqe iy e’ ’)= Do+ 74, (71)
Puc = Po+ Py c0s(201)+ p, sin(2a1) (72)
Qo =4+ 4., c0s(2at)+q,, sin(2ar) (73)

From (72) - (73), the dc components and the second order oscillating components of active and reactive

powers are given as follows:

Py =15 (v;i; +V, i+ Vi, + v;i;) (74)
Per = 1.5 (vyiy +vyil +viiy +v]i, ) (75)
o = L5 (vyif —vyil —viiy +vyi, ) (76)
g, =1.5(vyiy —vyi; +v,i; —v,i;) (77)
G, =1.5(vyiy —vyil +vii; —vyi) (78)
Gy =1.5(=vyiy —vyil +vjiy +v)i)) (79)

From (60) and (61), the dc power at the dc-link and the ac power of dc-ac inverter are written as

. 1, 1
pdc = Vdcldc = _Evdc +Evsvd6 (80)
I , 1 dv
==, +—vy, —-C, v, —% 1
p ac RS d RS s dc dc " dc dt (8 )

Based on the small signal modeling, the transfer function from p,. to p,. is given as
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p 1)
ac dc

2V, =V
where @, =—4%_— 'V is a dc term of the dc source voltage, and Vdc is a dc term of the dc-link

‘/chs Cck e
voltage.

Substituting (65)-(70) into (72), the active power oscillation can be express as

Do =P, cos(2wt)+ P,sin(2wt)+ Ap,, (83)

where Ap,. is the high order terms. P, and P,, are the ac power oscillation coefficients .
And the active power oscillation coefficients are written as follows:

_ I i ns
PcZ _3agZT (l()qlad l()dlaq)

+ o + .- - s+ - gt
+1.5(Otfag _ZTYC )(ngll)q + vgdlod +vgqloq + vgdlod) (84)

-t -+ + - + -
+1.5afYC( VeiVes T VeqVed T VeaVeq vgqvgd)

0q-oq

_ e — ot
PsZ - _3agZT (lydlyd +1,1 )

+1.5(Z, Y, =00, ) (Vi = Viding = Vegias + Vel ) (85)

gq-od - oq gq od gd”oq

-+ -+ + .- + .-
1.5a_fYC(vgqvgq+vgdvgd+vgqvgq+vgdvgd)

where Z, =oL, —&’'L,L.C,,a, =1-&’L,C,, a,=1-&’L,C, Y, =aC, L, =L, +L, .

These results are caused by the modeling of the LCL filter based inverter. In the case of the L filter
based inverter modeling, the ac power oscillation coefficients are the same to (75) and (76) because the
inverter current equals to the output current through L filter. Therefore, conventional current references
are computed by (74) - (79) [101-104]. We need a new current reference in order to remove the dc power

oscillation of the LCL filter based DG inverter from (84) and (85).

The dc power oscillation is a result that the ac power oscillation in (83) passes a low pass filter in (82).

Therefore the high order term, Apac, can be filtered and ignored. Since the frequency of the oscillation
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(2@) is not high enough to be removed, the ac power oscillation coefficients become the dc power
oscillation coefficients as follows:

Py =P, cos(2at)+ P, sin(2wr) (86)

If the double d-g frame current controller are applied to regulate unbalanced output current [98],

transfer functions from the d-q axis current references,i,, and i,,, , to the d-g axis output currents, :; g

’ odq odq ’
o % .
and 7,,, are given as

.+

Unbalanced grid voltage

1l
+ _ Todq odq
G!(s)="L,and G, (s5)=—= (87)
lr)dq odq
Current Control loops AC Power Ripple Generation
- : """""" | \'
Vi o cos(20) Ap 1
: odq > G:r (S) odq ; : > ( ) puc
! ! > +¢ 1
: ok . : ] d Eq (84) PCZ + ]
L, - 13 1]
—{ G, (5) =g | —> +5 |
! |
. e 1
e by - | |
! i
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[l | |
+ + ] .
i [ ol ]| sin(20) | 1
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Fig. 60. Block diagram of the dc power oscillation generation under unbalanced grid voltage.
Fig. 60 shows the block diagram of the dc power oscillation generation under unbalanced grid voltage.
This analysis for a mechanism of the dc power oscillation generation is to minimize the dc power
oscillation of the LCL filter based DG inverter under grid voltage unbalance. If we can find conditions to

remove the dc power oscillation coefficients in (85) and (86), the dc power oscillation, p,., will be

rejected. The only way to remove the dc power oscillation is to generate the current references, I, and

L, dq Therefore, it is necessary to find the current references to suppress power oscillation coefficients.
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5.2 Performance of Conventional Control Scheme

5.2.1 Conventional current reference calculations [98]

The conditions to deliver a constant inverter power without power oscillations of L filter inverter are

given as

gd od +ngl0q +ng od +ngloq)

( 89 od gd 0q + vgqlod vgd loq)
3

(88)

Py = 2(vd0d+vz +vd0d+vqloq) 0

3 — et —
px2 2 (vq lod vd loq q od + Vd oq ) O

From (88), the power vector is written with the current components (i’ Y oq,l . and i;q ) in the following

matrix expression:

+ + - .+
P Vi Ver Ve Vg || loa
+ + - - .t

Q _ i vgq ng ng vgd l()q 89
c2 vd vq vd Vq lod
_ _ . . _
P, v Vv, v,V Iy

By inverting this matrix, it is possible to find the current references to generate active and reactive

powers without active power oscillation under grid voltage unbalance, i.e.

e = -1

i vioovE v v P
od gd gq gd 849
o + + - - *
loq _ 2 ng vgd vgq vgd Q ( 9 O)
il 3lv:, v v v 0
od gd 8q gd gq
% - - + +
_loq _ _vgq ng ng ng | 0

Substituting (90) into (85) and (86), the dc power oscillation can be derived in the L and LCL filter

based inverters.

1) L filter based inverter (C, =0)
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P, =15(vi, +Zi}, )i,
+1.5(v,, = Zyiyy )i, +1.5(vy, + Zyd, )iy =0

_ .
P, —I.S(Vqlod Vil,,

+1.5(vi, — 2!, )i,

T oq

Cr e\
v i +le0q)—0

qod

Hence, the dc power oscillation is able to be removed as follows:

Buc =P cos(20t)+ Py sin (201) = 0

2) LCL filter based inverter

The P, and P, are not canceled as follows:

Buc =P c0s(201)+ Py sin (201) # 0

oD

oD

92)

If the DG inverter is connected with the LCL filter, additional current, which is the capacitor current, is

generated. However, the current reference calculation in (90) is derived by considering the L filter based

inverter, which assumes that the inverter current equals to the output current. Fig. 61 shows simulation

waveforms of dc voltage and dc current oscillation suppression using conventional current reference in

(90). Results show that the dc current and dc voltage oscillations are not reduced under grid voltage

unbalance in the LCL filer based inverter.
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Fig. 61. Simulation waveforms of dc voltage and dc current oscillation suppression using conventional current
reference.
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5.2.3 Conventional double synchronous reference frame current control [98]

Fig. 62 shows the block diagram of conventional d-q frame current control. In order to extract the
positive- and negative-sequence components, either a notch filter at 2@ or an all pass filter can be
implemented. The positive-sequence current controller is designed with a PI regulator. The negative-
sequence current controller is the same to the positive-sequence current controller. The current references
are generated by (90). In order to analyze the dynamic response of conventional d-qg frame current control,

the transfer function can be derived from the space vector analysis.

PWM |

26 d | Veap
dt

Drcr

Active Damping
Control

- ———————— - ———— - —— -
|

Positive- and Negative-Sequences Voltage and Current Extraction

L}

+ + + !
() it v v !
1 g% | e | 9B 8da | o | 398 |
' e « . e « . |
| Symmetrical | 1,4 Symmetrical |V;0p
[ _ Components [€— _ i Components |g—I
( i Extraction v v Extraction !
| odq jor | Q% 8dq jor | & ap |
I € ¢ I
| |
’

Fig. 62. Block diagram of double d-g frame current control.

A space vector, X5 18 written as

X, (1)=e"x; (1)+e " x, (1) (93)

From Appendix C, a skew-symmetric complex operator of positive-sequence is expressed as
+ 1 - A
T, =5(1+/q) (94)

A skew-symmetric complex operator of negative-sequence is expressed as
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T, =—(1-jq) (95)

By applying (94) and (95) in (93), the positive- and negative- sequence state vectors in the a-f axis are

computed as

+ 1 s A j + —J -
T,x,, (t)=5(1+]q)(e""’xdq7 (t)+e ’“”xdq (t))

1( . JLA. 1 _. S 00
e+ e ) a0+ a0 0

- 1 o A jot _+ —jot _.—
T, (1) =5 (1= ) (¢4, (1) + ¢ x5, 1)

N4 & on
Semsre e 03l e ey

Usually, the skew-symmetric operators in (94) and (95) are implemented by filtering methods such as
the second-order adaptive filter (AF) based on a generalized integrator and the second-order AF based on
a second-order generalized integrator [98]. These approaches are useful to extract symmetrical
components of the grid voltage in the phase look loop (PLL) for the grid synchronization because
response time of the PLL is sufficient with using a low gain in terms of the phase angle of the grid voltage.
However, the second-order filters to extract symmetrical components of the feedback current can affect
the phase margin of the current control loop substantially. Therefore, the first-order all pass filter (APF)

can be used to implement approximated phase-shifting operator.

Transfer function of the APF is given as

O(s)= (98)

The phase-shifting operator based on the APF can be transformed to frequency domain as follows:
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Ge™'x (1) > ej(g_%JQ(s)x(s) (99)

ge™'x (1) > ej[ ZJQ(s)x(s) (100)

By applying (99) and (100) in (96) and (97), frequency responses of the positive- and negative- sequence

state vectors in the in the a-f axis are written as

0%

T, (5) - ;[( 2]Q<s>x;q<s>]+§[efﬂxdq+e"’5e"‘(9‘3]g<s>xdq<s>]

- ool
=" (1+0(s))x, () +5 ¢ (1-0(5)) x4 (5) 1on
R R -6 S -
¢ s+a)xaﬁ+e s+a)xaﬂ

T,y (5) = ;[eﬂx;q+e”5e’( 2]Q<s>x;q<s>]+§[eﬁxdq+e’Ze"(e‘JQ(s)xdq(s)]

1 )

Lo (1-0(s)) 3 (5)+ 2 (1+0(5)x, (5 102
_ i _ S + - O

¢ s+o s ¢ st 7

Therefore, frequency responses of the positive- and negative- sequence state vectors in the in the d-g axis

are expressed as

o+ + w + -J S -

%, (s)=e"T x,,(s )——wadq(s)Jre f”wadq(s) (103)
25, (s)= e T x,, (s) = ——x5, (s)+ e ——x, (s) (104)
da P s+ “ s+ M

From (103) and (104), the positive- and negative-sequence components in the d-g axis after applying the
phase-shifting operator based on the APF include the response of the first order low pass filter(LPF) as

follows:
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’.\+ .

ludq _ w l(’dq — @

o Tt and - . (105)
odq ;- 1 @ Yodg it 00 §To

Fig. 63 shows the simplified double d-g frame current control loop. By applying the active damping
control, the equivalent transfer function from v, to v. becomes a second order system. Due to the first

order LPF in (105) for positive- and negative-sequence current components extraction, it will lose the

phase margin in the control loop. Hence, this double d-g frame current controller has a limitation to

achieve high bandwidth.
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Fig. 63. Simplified double d-g frame current control loop.
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Fig. 64. Step responses of conventional current controllers of L and LC filters based inverter.
Fig. 64 shows step responses of conventional current controllers of L and LC filters based dc-ac

inverters. The response times of controllers are determined by the order of the transfer function with
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respect to the plant and filter. The conventional d-g frame current controller is designed with the current
using the d-q rotating frame and without filtering in the feedback. The transfer function of L filter based
inverter is the first order system with an integrator form. The LCL filter with active damping is the second
order system as shown in Fig. 63. Thus, the transfer function of LCL filter based inverter becomes the
third order system. The d-g frame current controller of the L filter based inverter in Fig.64 shows the
fastest response time, because there are no feedback filter and the LCL filter in the plant. But the double
d-g frame current controller of the LCL filter based inverter is more difficult to obtain the same response
time of the d-q frame current controller of the L filter based inverter, because it includes the second order
system in the plant as well as the filter in the feedback. Since the double d-g frame current controller is
proposed to regulate the current for the LCL filter based DG inverter under grid voltage unbalance, the
response time of the d-g axis current is limited in terms of the stability vs. bandwidth.
5.3 Proposed Control Scheme for Suppression of DC Power Oscillation

In this section, two methods to minimize the dc power oscillation are proposed. First, an improved
current reference is used to cancel coefficients of the dc power oscillation. Second, a modified reference
frame current control is proposed to overcome the performance limitation of the double d-g frame current
control using the conventional filter approach to extract the positive- and negative-sequence current
components. The proposed control scheme is able to not only regulate the unbalanced output current but

also enhance the bandwidth of controller.

5.3.1 Improved current reference calculation
The conditions to deliver a constant inverter power without power oscillations of LCL filter inverter are

given as

3(
_ = ot + o+ — = -
P= Z(ngl”d +Velog T Vealoa +ngloq)

K
Q:E(V 1 v, +Vv ngloq) (106)

8q od gd”oq 8q od

Py =P, cos(2wt)+ P, sin(20t)1 0 < P,=0and P, =0
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From (84), (85), and (106), the power vector is given with the following matrix:

.+_

+ + — -
P Vea Veq Vea Veq Lo 0
+ + - - .t
Q _ E Vg Ve Vo Vea || o —EY 0 107
P | 2lav, - M il 2 vy, —viv = v v vyt (107)
2 av, av, av, av, i1, g9vd ~ VedVq T Vegg¥a T Ved¥q
- - + + .— + - + - -+ -+
P, av, —av, —av, av ||l | VeaVa TVeaVa T VeVy TVeiVa
—1_? —
where @, =1-@"L,C, Y. =oC,
By inverting the voltage matrix in (107), new current reference vector is given as follows:
o + + - - -1 P*
toa Ve Veq Ve Ve
. + + - - *
Loy zz Voo Ve Ve Ve 0 (108)
iy| 3lav, av, av; av,| |PJ
i, av, —av, -av. av, K

In order to cancel both dc current and dc voltage oscillations, oscillating power compensation terms are

given as
3
7 _ Tty T - .+
P = chf (vgqu VeaVy ~VegVa +vgdvq) (109)
)24 —ia)C VIV VIV v vy v (110)
s2_2 F\"g1"q gd"d 84" 4q gd”d

5.3.2 State Vector under Unbalance Operating Conditions

DG inverters are usually connected to the grid using a three-wire connection without zero-sequence
component. Therefore the zero-sequence component of the voltage vector can be ignored in the equations
presented in this chapter [98].

The state vector in the a-f axis consists of the positive-sequence state vector in the d-g axis and the

negative-sequence state vector in the d-q axis as follows:

+ —

'xa _ p-l 'xd 'xd
X, _qu(e) . +qu(0) e (111)

+ .. . . - — .
where x;,x, : positive-sequence components in the d-g axis, and x,, X, : negative-sequence components

in the d-q axis.

81



The d-q transformation with respect to¢“ is defined as

R (9)_ cos@ sind
“\") " _sin@ cos@

(112)

Fig. 65 shows the positive- and negative-sequence synchronous reference frames (or d-q frame) in the

o-f axis. The positive-sequence d-q frame is rotated anticlockwise. The negative-sequence d-g frame is

rotated clockwise (Appendix B).

d —axis(+)

\
|

! ] .
I O —axis
J

Fig. 65. Positive- and negative-sequence synchronous reference frames

From (111) and (112), the state vector in the a-f axis can be organized as

+ - + -
Yo | | Xg+x, —x,+x, || cosf
+

= R
Xy x,+x, x,—x, | sind

By inverting the matrix in (113), the cosine and sine terms are expressed as
cosd| 1|a, a,l| X,
sin@ | D|a, a,, || X

q

(113)

(114)

+)2 +)2 -\? -\? ot - _ Lt - _ + -
where D:(xd) +(x ) - xd) - x) s a4 =X, =X, o, A =X, =X, , dy=—-X,—X, , and

— + -
azz—xd+xd.

By using the property of the trigonometric function, the trajectory of the state vector in the a-f axis

becomes a general ellipse equation by the following:
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Ax. +Bxaxﬁ+Cx; =D (115)

2 2

2 2
a, +ay (aualz +a21a22) (a12 +a22)

where Az( ),B:2 5 ,C = 5

Fig. 66 shows the loci of positive- and negative-sequence state vectors and unbalanced state vector in
the a-f axis. The ellipse is a trajectory by a circle of the negative-sequence vector with clockwise rotation,
traveling along the line of a circle of the positive-sequence vector with anticlockwise rotation.

vLocus of negative-: sequence state vector
x,=ex,

aff dq

a -<

» Locus of positive-sequence state vector

JjO .+
\0— x,,=e"x

dq

A Locus of unbalanced state vector
X=X tX,
o —axi1s
I
Ll

Fig. 66. Loci of positive- and negative-sequence sate vectors and unbalanced sate vector in the a-f axis.
From (115) , the Bx,x,term can be eliminated by using the rotation of axes (Appendix D) as follows
formulas:

x, =cospx, —singx, and X, = —singx, +cosgx, (116)

+ - -+
| XX, XX,

1
where ¢ =——tan "
2 Xy Xy =X, X,

Then a standard ellipse equation is transformed as

Ar 12+Cr 12 (117)

where A’ = Acos’ ¢+ Bcos gsin g+ Csin” ¢, C' = Asin® ¢— Bcos gsin g+ Ccos” ¢.

Fig. 67 shows the rotation of axes between the general ellipse and the standard ellipse.
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Fig. 67. Rotation of axes between general ellipse and standard ellipse.

Moreover, a circle can be obtained by scaling the standard ellipse as follows formulas:

r ., , 1
* :_xa’x/)’:\/_,
A

a \/I

Then the circle equation is expressed as

n

Xp

n2 "2 _
X, +x; =D

Fig. 68 shows the scaling between the canonical ellipse and the circle.
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Fig. 68. Scaling between canonical ellipse and circle.
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Therefore, any general ellipse equation in the a-f axis is able to map the circle equation in the new axis.
It means that the unbalanced state vector is able to be considered as a constant vector on the unbalanced
rotating frame.
5.3.2 Modified transformation on the unbalanced rotation frame

From (116), the rotation transformation matrix from the general ellipse to the standard ellipse is defined

X, 3 cos¢g sing || x,
{x'ﬁ}_{—Sin(Zﬁ CongLcﬁ} (120)

as

+ - -+
| XX, XX,

|
where ¢ =——tan —
2 Xy Xy =X, X,

From (117), the scaling transformation matrix from the standard ellipse to the circle is defined as

HikaaH
| (121)

!
Xp 0 B %
+ - + - + - + -
where a,, = x; —x;, a, =x, —x,, 4y =—x, —X,,and a,, = x; + x,,
(a2 +a2) (ala +a,a ) (a2 +a2) 2 2 2 2
_\m ) T2 %% ) LT T ,Dz(x;) +(x;) —(x;) —(x;)
D

A’ = Acos’ ¢+ Bcos gsin g+ Csin’ ¢, C' = Asin” ¢p— Bcos gsin g+ Ccos” .

With the rotation transformation matrix in (120) and the scaling transformation matrix in (121), they can

x, | cosé sin@ JA 0 |[cosg sing x,
X, | —sin@ cos@|| o JB' || —sing cosg e (122)
[ ——

—
Rotation of axes Unbalanced sate vector

be combined as

Constant sate vector d—q Transformation Scaling

By using the d-g transformation matrix, the combined transformation is computed as
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T;qw):zedq(e){f Hmm

cos(0+¢,) \/§Sin(9+¢1)

VA
—sin(60+¢,) \/gcos(6’+¢l)

From (123), we define a new J-y transformation matrix as follows:

cos(0+4,) ksin(0+¢l)}

U, (k.¢.0)= {_Sin(g_wjz) kcos(0+¢)

The inverse transform matrix is expressed as

cos(0+¢) —sin(0+4)
sin (6 +4, ) %cos(0+¢2)

1

i =rery)

1
k

The unbalance factors, k ,4,, and #, , are defined as follows:

From (113), the state vector in the a-f axis can be organized as

x| (x; +x;)cos€+(x; —x;)siné?
Lﬂ} - (x; +x;)cos€+(x; —x;)siné?
Then, it can be rewritten as

[x } X cos(0+¢,)

%sin(6’+¢2)

(123)

(124)

(125)

(126)

(127)

(128)

(129)
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In (129), the constant state vector in the -y axis is expressed by the positive- and negative-sequence state

vectors in the d-q axis as follows:

S =u, (k..0) i ) () cos(d-4) (130)
7 Y 0

The J-y axis is the modified d-g axis on the unbalanced rotating frame. Then the unbalanced state vector

in the a-f axis is transformed to constant state vector in the J-y axis.

A ﬂ_aXIS A

Fig. 69. Comparison between the J-y transformation and the d-q transformation under unbalanced operating
conditions

Fig 69 shows the comparison between the J-y transformation and the d-g transformation under
unbalanced condition. The locus of unbalanced state makes the ellipse in the a-f axis in (115). The
positive- and negative-sequence state vectors draw circles in (117). Unbalance factors (k ,#,, and ¢,) are
derived by the positive- and negative-sequence components in (126) and (127). With unbalanced factors,
the -y transformation makes a constant state vector in the J-y axis. This means that unbalanced state
vector in the a-f axis is able to make constant state vector in (130). It includes positive- and negative-
sequence components in the d-g axis withoutd = ot .

5.3.3 Dynamic voltage equation on the unbalanced rotating frame

The voltage equation with the active damping controller in the a-f axis can be approximated as
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i
_ oaf
O (131)
To apply the voltage equation in the a-f axis, the J-y transformation is defined as
o cos(0+¢,) k'sin(0+4)
U, (k'.4.0)= (132)

—sin(0+4;) k' cos(0+4)

(i iy Y + (i - ) i i i

* od od oq - oq * -1 O - (%] * -1 0O O kR Lk

where k = - ,¢ =tan (MJ, ¢, =tan {u} and the i, i i
*

. 2 . o Wk g s od > oq > “od >
o ok o . —
loq +l0q) +(lod_lod lod lod lod lod

ik
(¢

and 1 , are the current references computed by (108)-(110) to minimize the dc voltage and dc current

oscillations.

By applying the J-y transformation in (131), the voltage equation is expressed as

cf lﬂﬂ vgﬁ

U&(Wﬁ)ﬁ““}=LTU@(k”:#ﬁ)%{’?“}vﬁ(k”:ﬁﬁ){vg“} (133)

From (133), the voltage equation in the J-y axis is given as

V.s P d _ w * gk ioa_
[v;}z,[Uﬁy(k s ,G)E{U@‘(k 4.0)U, (k.6 ,e)Loﬁ J

b |, (k'5.0) d U2 (K4 0) is +'vg5 (134)
i, LUa (K050) 3 Vo K4 i | | Ve

-1,

S

Decoupling term

Since unbalance factors, k" and 4, , are computed by the current references, they are independent to the

feedback current in terms of dynamic state vector. Hence, the derivative of the unbalance factors can be

ignored, then

s

ak_ _ 0 and 20— (135)
dt dt

By computing the derivative of the §-y transformation, the decoupling term in (134) becomes as
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i tan(¢1*—¢;) -1
(136)
1 _tan(¢1* - ¢;)

U(Sy(k*,¢i*,¢9)%U;;(k*,¢,f*,¢9)

From (134) and (136), a new voltage equation in the J-y axis is written as

* ; tan ¢ - ¢ -1 ;
{vff} =L, i{’ﬁﬁ} oL, (4-¢:) o {lﬁﬂ + {v*”ﬂ (137)
VC}, dt 107 1 —tan (¢1 — ¢2 ) la;/ Vg}/

Based on this voltage equation, the J-y frame current control is designed with decoupling and
feedforward compensations. However, the grid voltage does not become a constant state vector in the J-y
axis because the J-y transformation is oriented by the current reference vector. The grid voltage in the a-f

axis can be express as

= (138)
‘%’"sin(@ﬂﬁz)

|:vga:| V, cos(0+4,)

8B

where k = Ve * Vi > 0 Vs =, =tan1{‘%;‘}§"], o, =tan"' [@;\%{J )
(v;q+v’ ) +(v;d —vg;) Voa TVea Vei = Vea
The unbalance factors, k* and 4, , in the output current are not equal to the unbalance factors , ¢ and
#. ,in the grid voltage as follows:
k"#k, ¢ #¢ ,and ¢, # ¢, (139)
Therefore, the grid voltage in the J-y axis becomes a function of 2w | i.e.

~U, (K.4.0) Lesin(0+4,)

Vg 4

{vﬂ v, cos(0+4))

£1+—‘Jcos(¢1 —¢;) +cos20+¢ +¢)) —%008(26”(4* +6) e

x| =

Vo
2

bl

[l—;jsin(gé — ¢, )—sin(20+4 +¢;)+%sm(29+¢*+¢2)
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Fig. 70 shows the loci of unbalanced current and voltage state vectors in the a-f axis. They are
orthogonal but asymmetrical. In the view of the -y transformation with the output current vector, the

result of the J-y transformation with the grid voltage vector is oscillated with 2.

A
f—axis 4

Uy (k:8.0) 2 1o

.ny'_>

2w

v,
U, (k..0) H<p

—
Fig. 70. Loci of unbalanced current and voltage vectors in the a-f axis.

5.3.4 Unbalanced grid voltage compensation on the unbalanced rotating frame
Fig. 71 shows the block diagram of current control loop in the J-y axis. Based on the J-y
transformation, the feedback current becomes a constant state. The equivalent plant in the J-y axis has the
0-y axis grid voltage oscillation in (140). To cancel this disturbance, the feedforward term is compensated.
However, the feedforward term is difficult to cancel the J-y axis grid voltage exactly because there is the
LCL filter with active damping. The oscillation term is delayed because of the second order system that is

equivalent to the transfer function of the LCL filter with active damping.

E—— ‘} ej(2‘9+¢—¢LCL)

m

[
I 2 \
: Vo |
! ]
I ; |
~ {f ~ i i I
i =y ) LCLFilterwith 5  — 1/ o/(20+9) !
8oy Tm b R D e
: Active Damping %7 m :
+ | 2 _ |
j,g_:_, Opcr, 1 .
1| s+2lwp s+ a)iCL sLy
I
I
I
|

Equivalent Plant in dy-axis

Fig. 71. Block diagram of current control loop in the J-y axis.
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Fig. 72 shows the Bode plot of the LCL filter with active damping. Based on the frequency response,
the phase response, ¢LCL, is 7.82° at 2w (120Hz). This means that the J-y axis grid voltage in (140) is

delayed with 7.82° phase response if the feedforward compensation is applied in the controller. The value
of delayed phase is able to be computed from the frequency analysis of the second order system of the

LCL filter with active damping.

Bode Diagram
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_ LCLFilter

50 |
g ~
£ o = L
g 50 T..."\
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i
|
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Fig. 72. Bode plot of LCL filter with active damping.
The frequency response of LCL filter with active damping is given as
) |
— a)LCL
=i2 2 2
=20 §T+ 200,08+ @

G (S)

L +L
where @, = }LfL—Cg ,$100.707 .
e f

Then the phase response of LCL filter with active damping at 2@ (120Hz) is computed as

B A4Cw’ . w
$, ., = tan 1( : o) ] (142)

2 4
40)LCL0) — W cp

(141)

s=j2w

From (128), the modified feedforward vector with the phase compensation is given as

Veo - Ve
g =U,, (k'.¢.0+¢,,) ; (143)

194 gp
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5.3.5 Proposed control scheme

Fig. 73 shows the proposed control block diagram for the dc power oscillation suppression. The
proposed d-g current reference matrix in (108)-(110) computes the positive- and negative-sequence
current references in the d-g axis. By using the d-g current reference, the J-y axis current reference is

given as

][V el -6)

K

107 0

The unbalance factors and transformation are given in (132). The -y frame current controller regulates
the J-y axis current with respect to the unbalanced current in the a-f axis with the decoupling and
feedforward compensations. In addition, the feedforward term in (143) compensates the J-y axis grid

voltage with the phase delay.

d-q Current Reference Calculation

|
|
|
|
" P
P - . N _ o lodgy '
—
— i, Vea Ve Vea Ve P : >
0] e + o - o 0 e !
:+—P Loy =§ Veq Vea Veq Vea Q l;;l :
1y i - - + + f i
dq Ly | 2jav, av, av, av, ks Tt >
[ —* - v —vt + 7 1
vy, Log av, -—av, -av, av, 05 ] '
e iy :
v 72 T S ]
1 Vedq P; _chr("gqu VeaVy vgquﬁ—vgdvq) R L o !
N —*1 =i [N s
1 [} * _ 1| ‘ogq oq * _ ~1| ‘oq oq
1 Vg Py 3 C (v v v v+ v vt Ay ogl 4 | ¢ =tan”| —% |4 =tan” | T—F $h
(I =~wC, _ E—
h 52 2(‘) F VegVq tVeaVa T VegVy TVeaVa T Loa Floa Yod ~lod H
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Fig. 73. Proposed control block diagram for dc power oscillation suppression.
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5.4 Simulation Results

In order to validate the proposed control scheme, simulation is performed in Matlab. The unbalanced
grid voltage occurs from 0.15s to 0.25s.

Fig. 74 shows simulation waveforms of d-g axis output current, dc voltage, and dc current with
conventional and proposed control schemes. With conventional control approach, the dc voltage and dc
current in terms of dc power are not regulated under unbalanced grid voltage, although the double d-g
frame current loops are operated. On the other hand, in the proposed control approach, the dc voltage and
dc current are regulated with constant values under grid voltage unbalance. Compared with the transient
response time of the d-g axis output currents, the proposed control approach is faster than the

conventional control approach.
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Fig. 74. Simulation waveforms of d-q axis output current, dc voltage, and dc current with conventional
and proposed control schemes.

Fig. 75 shows simulation waveforms of the a-f axis current and the J-y axis current of proposed control
scheme. The output current in the a-f axis is balanced from 0.1s to 0.15s and from 0.25s to 0.3s. The
unbalanced current is generated from 0.15s to 0.25s because the controller is regulating to provide
constant active power of the inverter under grid voltage unbalance. The loci of the a-f axis current is

changed from a circle under balanced operating condition to an ellipse under unbalanced operating
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condition. However the J-y axis current is always constant without oscillation because the J-y
transformation makes constant state on unbalanced operating frame.

Fig. 76 shows simulation waveforms of three phase voltage, current, and dc power after applying the
proposed controller under grid voltage unbalance. By using the proposed current reference, there is no dc

power oscillation during unbalanced grid voltage.
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Fig. 75. Simulation waveforms of the a-f axis current and the J-y axis current of proposed control scheme.
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Fig. 76. Simulation waveforms of three phase voltage, current, and dc power of proposed control scheme.
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5.5 Experimental Results

Fig. 77 shows the experimental setup of hardware in the loop using RTDS and dSPACE. Power switch
circuits including the DG inverter, LCL filter, step-down transformer connecting to the main power grid,
and other power components are built in RSCAD. They are emulated in the RTDS. The proposed current
control algorithm was implemented by the digital controller using the DSP control board
(TMS320F28335). All PWM signals are transmitted RTDS through GTDI card. All voltage and current

signals are measured from the output of GTAO card. The dSPACE generates the current reference based

on (108).
dSPACE DSP Control Board RSCAD
= B GTAO _ :
[f E s 7 ®moH
7. > Voltage —‘ B | e, = |
e —e| | s} A N S 0 - [ |

A s - — e e ] i 3
Current Reference g '__Bﬁ__:_‘_‘___!_’_ _________ AT,

Calculation mir E DG Inverter = 2 | Griaraur ] ,’-

[ 7% H— GTDI . o :

)
. e, 1 1
=1L i : e
= Q pwm | :
—.. i ! ==L

Fig. 77. Experimental setup of hardware in the loop using RTDS and dSPACE.

Fig. 78 shows experimental waveforms of conventional current control under balanced grid voltage.
Fig. 79 shows experimental waveforms of conventional current control under unbalanced grid voltage.
The conventional dual current control with current reference in (90) cannot remove the dc current and dc
voltage’s ripples under unbalanced grid voltage conditions. Fig. 80 shows experimental waveforms of
proposed current control under unbalanced grid voltage. The proposed current control shows that the dc
current and dc voltage’s ripples are minimized under unbalanced grid voltage condition. Therefore,
simulation and experimental results verified that the proposed control method can minimize the dc power

ripple under unbalanced operating conditions.
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Fig. 78. Experimental waveforms of conventional control under balanced grid voltage.
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Fig. 79. Experimental waveforms of conventional control under unbalanced grid voltage.
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Fig. 80. Experimental waveforms of proposed control under unbalanced grid voltage.
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5.6 Conclusion

This chapter proposed an enhanced control scheme of the LCL filter based DG inverter under grid
voltage unbalance. The unbalanced grid voltage is reflected by a dc power oscillation to the dc source
side. To minimize this oscillation, the double d-g frame current control schemes have been proposed.
However, the conventional d-g frame current control was limited only in the case of the L filter based
inverter. Therefore, the enhanced reference calculation was derived. By using new ¢-y transformation, the
o-y frame current controller enables regulation of a constant current in the J-y axis as well as improvement
of the bandwidth of the controller. With J-y axis current loops, the dc power oscillation was suppressed
effectively. The proposed control strategy could reduce the impact of the renewable energy under grid
voltage unbalance. As a result, constant dc power generation will also enhance the stability, and reliability
of renewable energy sources. Simulation and experimental results verified that the proposed control

method is able to minimize the dc power oscillation effectively under unbalanced operating conditions.
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CHAPTER 6. SUMMARY AND FUTURE WORK

This dissertation proposed diverse control strategies for power electronic converters in order to
improve the control performance of a de-dc converter under different operation modes and a DG inverter
under different operation modes and unbalanced operating conditions. It is summarized as follows:

1) A seamless control scheme for the dc-dc converter application with different operation modes is
proposed to make mode transitions between DCM and CCM seamlessly by adding a mode tracker, and
then the boost converter can smoothly operate by mixing the voltage and current control loop in both
operation modes.

2) A seamless control scheme for the DG inverter application with different operation modes is
proposed to make fast and stable mode transition technologies. The proposed approach is based on a
current controller and a feedforward voltage controller to minimize the grid overvoltage and to improve
the response time.

3) A modified reference frame based current control with improved current reference for the DG
inverter application under grid voltage unbalance is proposed to minimize the dc voltage and dc current
oscillations. With the proposed approach, the dc power oscillation is reduced effectively.

On the other hand, additional control approaches with proposed methods will be needed to improve the
performance of proposed control strategies under other conditions. Future work is suggested as follows:

1) Proposed seamless control strategy of dc-dc converters is applied in the boost converter. This control
scheme is able to be applied in other dc-dc converters such as buck converters. The dynamics analysis of
CCM and DCM of the buck converter is necessary to apply to the buck converter.

2) Proposed seamless control strategy for DG inverters is considered with overvoltage condition. In
order to extend the proposed control approach, the analysis of under voltage conditions will be needed to
guarantee the control stability of the proposed seamless control.

3) The current reference calculation and unbalanced current control method of the LCL filter based DG
inverter is considered under grid voltage unbalance without harmonics. However, the performance of the

proposed unbalanced current controller is limited to reduce the current distortion under grid voltage
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unbalance and harmonics. As future work, a multiple synchronous reference frame based current control

scheme will be considered to enhance the performance of the unbalanced current control scheme.
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APPENDIX A. MODELING OF THEREE PHASE LCL FILTER BASED DC-AC

INVERTER

A.1 Dc-ac inverter modeling in the abc axis
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Fig. 81. Circuit diagram of three phase LCL filter based dc-ac inverter

Voltage and current equation in the abc axis are expressed as

— bc
vabc - Lf dlltL +vcabc
dv
_ cabc
labc —~f dt +l0abc (A_l)
di
_ oabc
vcabc - Lg dt +v0abc

. . . . . . T
where Lf: the filter inductor, C ¢ :the filter capacitor, Lg :the gird inductor, v , = [va v, v(_] : the
ca

. T . T .
inverter voltage, v_, =[v V., vCC] : the capacitor voltage, v,,,. z[vga Vep vgc] : the grid

1 =i i i T thed di =l . Tt
voltage, 1 [la L, lC] : the inverter current, and 7, —[loa Ly loc] : the output current.

abc —

A.2 a-f / d-q dc-ac inverter modeling using a vector notation

To transform the abc axis variables to the a-f axis variables, the a-f transformation matrix is given as
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Q.
- 2 2 2 |-
X = — xac A'2
aff 3 0 _3 _ﬁ b ( )
2 2

where X, =[xa xﬂ]T, and %, =[x, % x].

The a-f transformation matrix is invariant to time. By applying (A-2) in (A-1), the voltage and current

equations in the a-f axis are expressed as

i

— _ aﬁ —

o =Ly I V0
- v, -

— )

l,=C; . +i,p (A-3)
# dipy

" =L oaf +

c g dl_ oafy

- T .. - T . .
where v, = [va vﬁ] : the a-f axis inverter voltage, v z[vm vcﬁ] : the a-f axis capacitor

. T . . s . 7 ..
voltage, v, [v Ve ﬁ.] : the a-f axis grid voltage, i, = [za I ﬁ] : the a-f axis inverter current, and

aff
. . . T .
Ly = [ i, 1, ﬂ] : the a-p axis output current.

To transform the a-f axis variables to the to the d-g axis variables, the d-g transformation matrix is given
as flows:

R (9)_ cos@ sinéf Ad
37V _sing  cos@ (A-4)

- cosd sinf | _
Yag = —sin@ cosé Yap (A-3)

where x,, =[xd x, JT ;and x,, :[xa xﬂJT.
The derivative of the a-f axis state vector with the d-g transformation matrix become as
dx, d| . _ d (1=
Ry (0)—2= Ry, (6) | Ry (0)Ry, (0) % =qu(6’)—<qu1(6’)’%) (A-6)
dt dt NI A dt

d—q vector
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Ry, (9)%(1%11 (0)}(” ) = Ryg (0)%(&;‘; (0)) *ag * dt

The derivative of the inverse d-g transformation matrix is expressed as

d( 3 —sin@ —coséd
dt(qu (9))_6{ cosé —sin&}

Then, we can obtain as follows:
d( | cos@ sinf || —-sind —cosél 0 -1
R, (0)—(R,, (0))= =
dq( )dt( dq( )) C{—sin& COSH:||:COS€ —sin @ @ 1 0

We can define the following matrix as

Therefore, (A.6) is given as

dx dx
af _ dq —
Ry, (9) o _dt +@Jx,,

From (A-11) and (A-3), the voltage and current equations in the d-q axis are expressed as

- dg e -
Ve =L Y +Jou, +v,,

t
- dv -
DA cdg — )
i,,=C; 7 +Jaw i,

di -
— _ odq . —
vcdq - Lg dr + ‘]a)l()dq +v0aﬁ

A.3 a-f / d-q dc-ac inverter modeling using a complex space vector notation

(A-7)

(A.8)

(A-9)

(A-10)

(A-11)

(A.12)

To transform the abc axis variables to the to the a-f axis variables, the a-f transformation matrix is given

as

2 . .
_ . _ j2xl3 jarnl3
xaﬁ—xa+]xﬁ—§(xa+xhe +)CC€

(A.13)

103



(A.14)

To transform the a-f axis variables to the to the a-f axis variables, the d-g transformation operator is
given as

R, (0)=¢" (A.15)
Xy =¢""x,, (A.16)
where Xy = X4 + J¥%, .
The derivative of the a-f axis state vector with the d-q transformation operator become as
L dx odl o od
Py e WV L NS P e D A.17
dt | % dt< ‘lq) @17
d—q vector
_ _ig d dx,,
J jo _,—i0 < (,jo q
e’ (e xdq) e (e ) ot (A.18)
Then, we can obtain as follows:
_ipd(
Jjo Jo\ —
” ()= (A.19)
Therefore, (A.14) is given as
. dx dx
-jo af d .
e’ 0 =_dtq + jox,, (A.20)
From (A-20) and (A-14), the voltage and current equations in the d-q axis are expressed as
di,, .
Ve =L ?+ J@Oy, VY 4
dvcdq .
ldq - Cf t + .]a)vcdq +l0dq (Azl)
=L —Yy jwi  +v
cdg — g t ] odq oafy
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From either (A.12) or (A.21), the stat space equation in the d-g axis for the LCL filter based dc-ac

inverter is given as

;ﬂ:Ax+Bu+Ew (A.21)
t

T . T .
where x = [zd ly Vea Veqg log loq:| : the state variables, u = [Vd vq] : the control input,

T .
w= [ng ng] : the disturbance,

0 -—e/L, 1 0 0 0 |
w/L, 0 0 1 0 0
0 0 0 -o/C, 1 0
A: J
0 0 w/C, 0 0 1y
0 0 0 0 0 -o/L,
0 0 0 0 w/L, 0
1/L, 0 /L, 0
0 1/L, 0 /L,
0 0 0 0
B= ,and £ =
0 0 0 0
0 0 0 0
0 0 | 0 0 |
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APPENDIX B. GENERAL COMPLEX SPACE VECTOR

A general space vector, X 5 in the a-f axis is express with a summation of the nth order positive-sequence space
vectors , x;; , in the a-f axis and the nth order negative-sequence space vectors, x;; , in the a-f axis. And it is
+n

expressed by a summation of the nth order positive-sequence d-g axis space vectors, X, , with e’" and the nth

order negative-sequence d-q space vectors, x;; ,with respect to ¢/’ . The general space vector is written as

(B-1)

st} paxis

Lt -1 +5 —5 +7 =7
Xmﬂf xmﬁ +xaﬁ +Xaﬁ +xmﬂ +xaﬁ +xaﬁ,_
3 A

Vs
"] % :
2 /’ =
xaﬁ

o /e N ]
.\ \
J
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Fig. 82. Loci of space vectors in the a-f axis and their waveforms in time domain.

Fig. 82 shows the loci of the nth order space vectors in the a-f axis and their waveforms in time

domain.
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APPENDIX C. SYMMETRICAL COORDINATE ANALYSIS

Based on the conventional symmetrical coordinate method [98], there are skew-symmetric
transformation matrices to extract the positive-sequence components and the negative-sequence

components in the a-f axis, i.e.
1|1 —-g B 1|11 g
T, |=— sand | T, |[=— C-1
I: aﬂ:' 2|:é 1 :| an I: aﬂ:' 2|:—é 1:| (€D

where G= i3 isa 90 *-lagging phase-shifting operator applied on the time domain to obtain an in-

=e

quadrature version of the input waveforms [98].

The phase-shifting operator, ¢, is a mathematical operator to make the phase shifting of the input

waveform as follows:

A Vs

gx,=x, (na)t—z} n=12,3,--- (C-2)
From (C-1), skew-symmetric operators with the phase-shifting operator are defined as

+ 1 A + 1 - A
T, :5(1+]q),and T, 25(1—](]) (C-3)

By applying the skew-symmetric operators, a summation of the positive-sequence space vectors and
a summation of the negative-sequence space vectors are extracted as

+ _ +n_+jnf
Taﬂxaﬂ - Z Xiq€
n=1,2,3,--

- _ -n _—jn0
Tyx,,= Z Xiq€
n=1,2,3,---

(C-4)

A band pass operator is defined as follows:
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n

s x",ifn=k

= C-5
0, ifn#k (©)

Using the band pass operator, the nth-order positive- and negative- sequence space vectors in the a-f

axis are expressed as

n + _ y.tn_jnf
G [Taﬁxaﬂ] =X, €

G [T,y J=xie” o

where n=1,2,3,---.

Using the d-g transformation, the nth-order positive- and negative- sequence space vectors in the d-g

axis can be extracted as follows:

+n __ _—jnf n+n
X, =X,

—n jnb o—n (C_7)
x, =e"X,;

These results are the representation of the complex space vector to compute the positive- and negative-

sequence components based on multiple d-q frames.
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APPENDIX D. ROTATION OF AXES [135]

A general equation of the conic is given as
AX" +Bxy+Cy* +Dx+Ey+F =0 (D-1)

To eliminate the xy-term in (D-1), a procedure called rotation of axes is used as follows.

Fig. 83. Rotation of axes
From Fig. 83, using the formulas for the sine and cosine of the difference of two angles, we can obtain
as

!

x'=rcos(a—0)=rcosacos@+rsinasing = xcos @+ ysinf

, : : : : : (D-2)
y' =rsin(a—0)=rsinacosd—rcosasinf = ysinf—xsin o
where , X=rCcoSQ,and y=rsina.
Solving (D-2), the coefficients of the new equation are obtained by making the substitutions
x=x"cos@—y'sinf
;. , (D-3)
y=x'sinf+ y'cosd

By substituting (D-3) into (D-1), we can obtain as follows:
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A'= Acos? @+ BcosOsin @+ Csin’ 0
C'= Asin* @— Bcos@sin @+ Ccos* 6

D'=Dcos@+ Esinf (D-4)
E'=-Dsin@+ Ecos@
F'=F

In order to eliminate the x’ and y' terms, we need to choose @ such that B’ =0, as follows:

B' = 2(C—A)sin9(:osﬁ+B(cos2 6 —sin”’ 9)
=(C—A)sin 26+ Bcos 20

= B(sin 29)(

(D-5)

+cot 29} =0

where sin26 #0.

If B =0, there is no rotation, because the xy-term is included in (D-1), In the case of B # 0, we have

the condition to make B’ =0 as follows:

cot20 = %, B0 (D-6)

By rotating the coordinate axes in (D-3) through the angle, 8, in (D-6), a standard equation of the

conic is given as

AX +CY +Dx+Ey+F =0 (D-7)
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