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In the past decade, solar energy, the fastest growing renewable energy, has been a 

growing interest in integration to the utility grid. Power electronics converters play 

important role in renewable energy integration, e.g., integrate the distributed photovoltaic 

(PV) panels to the grid. In many applications, particularly in the residential area, a single-

phase rather than three-phase inverter is used to regulate the voltage from one form to the 

other while tracking the maximum power point of the PV system.  

The input voltage and current are DC and its maximum power is desired to be a 

constant value. However, in the single-phase PV inverter, the sinusoidal voltage and 

current waveform makes the output power pulsated with double frequency, which results 

in the power mismatch between the input and the output. Therefore, it is necessary to use 

energy buffer to balance the power, i.e., the power decoupling. 

In this work, a power decoupling method first is developed in d-q rotation frame 

and is optimized so that the energy buffer can be minimized. The power decoupling 

controller designed in the d-q frame has the superiority of simplicity so that the 

traditional proportional integral (PI) control can be used. Besides, a composite power 

decoupling method which includes both DC side passive and AC side active power 



 

decoupling is developed. Due to the use of two stage power decoupling, the energy buffer, 

e.g., capacitance at the DC and AC side, is minimized. Meanwhile, the important 

functions such as the maximum power point tracking (MPPT) and relatively high power 

quality are achieved. 
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Chapter 1 :  Introduction 

1.1 Background 

Due to the growth demand of global energy and adverse effects of conventional 

energy such as pollution caused by fossil fuel and nuclear fission sources, the exploration 

of the renewable energy sources (RES) is increased [1]. Renewable energy, as clean and 

alternative energy, is based on self-renewing energy sources including the solar energy, 

wind energy, wave energy, tidal energy, ocean thermal energy, hydropower, the 

geothermal energy, and biomass energy [2]-[4]. With increasing concern about the 

environmental issues, RES are paid more and more attention. The growth rate of 

renewable power installation has exceeded that of the fossil fuel and nuclear power 

capacity combined [5]-[8]. For example, in 2021, the installed renewable power capacity 

is increased more than 290 GW, mostly are PV which has the largest growth rate ever 

and enhanced the global total to 2,588 GW by the end of year [8]. The Renewables 

Market Report said growth will accelerate to average 305 GW per year for 2021 through 

2026. By the end of 2026, global renewables capacity will reach 4,800 GW, or 60% 

greater than at end 2020. Renewables will represent about 95% of the new power 

capacity installed worldwide from now through 2026 [9].  

Since the electricity generated from RES is more cost effective than that from the 

coal-fired power plants [2], it is cheaper to build new wind or PV plants than utilizing 

existing coal-fired power plants [3]. Besides, renewables also beat new natural gas power 
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station on cost in many locations and has become the cheapest sources of new electricity 

generation on the earth (excluding Antarctica [4]).  

Among the clean energy technologies, PV has significantly grown in recent years 

[6],[8]. Not only the efficiencies of the most domestic solar panels are low, i.e., around 

10-20%, but the performance of other components such as inverters and batteries are 

limited as well. Battery, which can provide fast response for balancing the power 

between the generation and consumption [11], is becoming a good candidate for the 

electrical energy storage system (ESS). However, the initial installation costs are still 

high [12].  

Power electronic converters, which regulate voltages from one form to another are 

compatible with end-use electricity supply, are key elements for renewable energy power 

generation . Inverters that convert DC to AC voltages is broadly used in solar power 

conversion. In some applications such as the residence area, a single-phase PV inverter is 

usually used.  

1.2 Solar Energy System 

Solar energy is harvested with technologies such as PV, solar heating and cooling, 

solar thermal, and solar architecture [13]. In this thesis, we will focus on PV system. In 

this system, the electricity is first generated by the PV panel and then the inverter is used 

to regulate the DC voltage to AC voltage. 
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1.2.1 PV System 

Solar energy is harvested with technologies such as PV, solar heating and cooling, 

solar thermal, solar architecture [13]. Figure 1.1 shows the overview of PV system 

integration to the utility grid, the PV panels first are connected in parallel and in series, 

then a DC-AC inverter is used to regulate the voltage from DC to AC. The inverters are 

connected to the distribution line which has a low voltage bus. As shown in the Figure 

1.1, once the electricity is generated by the PV panel, inverter is used for solar energy 

conversion. Therefore, the PV inverters play important role in solar energy integration. It 

not only converts the voltage forms, i.e., from DC PV voltage to AC voltage with fixed 

60 Hz frequency, but also can harvest the solar power from as much as possible. 

 

Figure 1.1:  An overview of solar power (PV systems) integration into electricity. 
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Unlike the conventional voltage source in which power is proportional to the 

current, it is well-known that a PV panel has nonlinear characteristics, e.g., current vs. 

voltage (I-V).  

1.2.2 PV Characteristic Curves 

These nonlinear characteristics is modeled with the use of the equivalent circuit of 

the PV panel as shown in Figure 1.2. 

 

Figure 1.2:  The equivalent circuit of the PV panel. 

 

The relationship between the current and voltage of the PV panel can be 

expressed as follows. 

( )

1
sq v i r

k T
sc si I I e

 + 


 

= −  − 
  

                                                     (1.1) 

where Isc is the short circuit current of the PV panel; Is is the reverse saturation current; v 

and i are is the terminal voltage and current of the PV panel, respectively; rs is the PV 

panel series resistance; q (= 1.6×10-19) is an electron charge; T is the operating 
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temperature; and k (= 1.38×10-23 J/K) is the Boltzmann constant. The short circuit current 

depends on the solar radiation and temperature. 

Figure 1.3 shows the characteristic curves of solar panel. As shown in Figure 1.3 

(a), when the voltage is low, the current is relatively constant, the PV panel works as a 

constant current source; when the voltage approaches its open circuit voltage, the PV 

panel can be treated as a constant voltage source.  

 

(a) 
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(b) 

Figure 1.3:  Characteristic curve of the PV panel. (a) I-V curve; (b) P-V curve. 

When the solar radiation is changed from 400 W/m2 to 1000 W/m2. As shown in 

Figure 1.3(b), the stronger the radiation is, the larger power becomes. When the voltage is 

low, the power is proportional to the voltage. The power is first increased and decreased 

with the voltage, therefore, for a given solar radiation, there is a unique maximum power 

point (MPP), which can be achieved by setting its corresponding voltage to Vmpp. With 

the change of the solar radiation, both the MPP and its corresponding voltage change. It 

is necessary to tracking its MPPs all the time to extract power from the PV panel as much 

as possible, namely MPPT control. 
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1.2.3 MPPT Control 

Existing MPPT algorithms include perturbation and observation (P&O), constant 

voltage, incremental conductance, and computational intelligence-based algorithms. 

Among these methods, P&O and incremental conductance algorithms are commonly 

used in a variety of applications due to their simplicity. In this thesis, the P&O algorithm 

which is shown in Figure 1.4 is selected for MPPT control of PV systems. For a given 

perturbation voltage ∆V, the power variation ∆P is calculated, then the next voltage is 

updated as follows: 

( )1k k kV sign V P+ =                                                        (1.2) 

where sign(·) represents the sign function. 

 

Figure 1.4:  P&O MPPT algorithm. 
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1.3 PV Inverter and Power Decoupling 

As shown in Figure 1.1, the PV inverter is usually used for PV system integration. 

On one hand, it regulates the DC voltage to AC, on the other hand, the maximum solar 

power is delivered to the grid. Figure 1.5 shows the voltage, current, and power 

waveforms in PV panel and inverter. 

    
t

vpv

        

vg

tig

           

pg

t

ppv

 

       (a)                                         (b)                                            (c) 

Figure 1.5:  Voltage and power waveforms. (a) PV voltage; (b) inverter output voltage 

and current; (c) power of inverter and PV panel. 

As shown in Figure 1.5, the input PV voltage is a constant value, the output 

voltage and current of the inverter is sinusoidal waveform with 60 Hz. Then the power of 

the PV panel (ppv) is constant DC and the output power (pg) pulsated with 120 Hz. Since 

the power needs to be balanced anytime, it is necessary to use the energy storage device 

remove the pulsated power, i.e., when the input solar power is larger than the output 

power, the surplus power is absorbed; when the solar power is less than the output, the 

energy storage device provides the deficient power. Therefore, the 120 Hz ripple power is 

removed. The focus of this thesis is to design and control PV inverter to achieve the 

power decoupling. 
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1.4 Outline of Thesis 

This thesis will be organized as follows.  

Chapter 2 reviews the existing power decoupling methods, including the 

conventionally used passive power decoupling, active power decoupling, and hybrid 

power decoupling methods. 

Chapter 3 modeling and design control in the d-q rotation frame, the designed 

controllers in the d-q frame reduce the complexity so that the traditional proportional 

integral (PI) controller can be used. 

Chapter 4 optimizes the power decoupling circuit by dynamically allocating the 

passive and active power decoupling method. The voltage ripple and the capacitance used 

in the inverter is minimized. 

Finally, the thesis ends with conclusions, a summary of contributions, and 

recommendations for future work in Chapter 5. 
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Chapter 2 : Power Decoupling Methods 

For those applications power rating is lower than 10 kW, e.g., residential PV 

system, the single-phase conversion is commonly used [14]. During the integration of 

these distributed PV arrays to the power system, single-phase inverters play an important 

role in the energy conversion as well as voltage regulation. However, due to the double-

line-frequency issue of the single-phase inverter, i.e., there is voltage/current ripple 

generated at the dc-link [14],[15]. Such voltage ripple degrades system performance such 

as the maximum power point tracking (MPPT) efficiency of the PV system [15]. 

Taking the view of the issue from the perspective of power. The instantaneous 

power of the single-phase inverter can be expressed as follows:  

  (2.1)    

where S and p~ represents the apparent power and AC component (or pulsating power 

component) of the instantaneous power, respectively; Vg and Ig are the root mean square 

(RMS) values of vg and ig on the AC side, φ is the phase angle difference between vg and 

ig.  

Equation (2.1) shows that p is composed of a constant component (P) and an 

oscillation component ( p~ ) at double load/grid frequency. Therefore, the output power 

of the inverter is pulsated with double line frequency. However, the input solar power is 

desired to be constant. Figure 2.1 shows the output power of the inverter and the input 

( ) ( )

( )

( ) 2 sin 2 sin

cos cos 2

g g g g

P p

p t v i V t I t

S S t

  

  

=  =    −

=  −  −
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solar power. The pulsating power is transferred to the dc side, which generates a second-

order ripple on the dc voltage/current. The undesirable ripple results from power 

mismatch. Therefore, extra energy storage system (ESS) is required to be placed between 

the PV and output of the inverter to eliminate the pulsating power, which is also called 

power decoupling [16]-[18]. For example, when po > ppv, EES provides the deficient 

power; otherwise, ESS stores the surplus power. Then the solar power can be harvested 

as much as possible.  

ppvpo(t)

Stored 
Energy

t

Released
Energy

 
Figure 2.1. Power decoupling of the PV system with the ESS. 

 

The power decoupling technology can be generally divided into control and 

topology parts, which means that modification of the control strategy or the topology 

with additional components can eliminate (or suppress) the double frequency ripple [19]. 

Then the power decoupling method can be classified as passive power decoupling 

method, active decoupling method and hybrid power decoupling method. 

2.1  Passive Power Decoupling Method 

The conventional passive solutions are usually using a capacitor or LC filter on 

the PV side or inverter dc-link to absorb the ripple power. This solution is simple and 

easy to be implemented because it does not need extra control and hardware [20][21]. 
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Figure 2.2.  Passive power decoupling for single stage inverter [14].  

As shown in Figure 2.2, only the decoupling capacitor CD is installed at the PV 

side. CD with large capacitance is needed if power is decoupled on the PV side only to 

keep ∆vdc to very low value for achieving high MPP efficiency [22]. For example, 

regarding a 200-W microinverter to realize a 98% PV utilization factor, the required 

minimum decoupling capacitance is 13.9 mF [14]. This represents a very large value. 

Due to the requirement of high capacitance, usually an aluminum electrolytic capacitor is 

used. Electrolytic capacitors typically have a limited lifetime, namely 1000~7000 hours 

at 105oC operating temperature [23]. Additionally, the electrolytic capacitors are usually 

oversized. Therefore, the bulky electrolytic capacitor not only increases the size of the 

microinverter but also reduce the lifetime of the inverter. In short, using electrolytic 

capacitor alone is far from being a satisfying solution to power decoupling [24]. 
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Figure 2.3 Single-phase ac–dc converter with conventional power decoupling [24]. 

Figure 2.3 shows LC power decoupling for a single-phase ac-dc converter. The 

LC resonance filter can suppress the DC-side ripple for sharing certain current with the 

DC side. However, the resonance frequency is very low (e.g.,120 Hz for a 60-Hz grid), 

the weight and size of the passive components are comparatively large, so we need to 

consider them. Additionally, the voltage across the capacitor of the LC filter can be much 

higher than the maximum dc-link voltage [25].  

2.2 Active Power Decoupling Method 

To resolve the drawback of the passive power decoupling solutions, active 

decoupling methods are created. Therefore, the basic idea of active decoupling method is 

the use of a new specific energy storage device with relatively small size and long 

lifetime to instead the original passive components. It is realized through the addition of 

active switching devices (such as diodes, transistors), and filters [26]-[32].  
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This kind of decoupling method usually involves a lot of additional power 

semiconductor devices, which increases cost significantly.  

According to the connection way of the active decoupling circuit with DC side, 

they are divided into series compensation (decoupling circuit in series with PV), parallel 

compensation (decoupling circuit in parallel with PV) [14][15][27]. Figure 2.4 shows the 

schematic of parallel mode and series mode. 

 

Figure 2.4 Different ways of connection for power decoupling. 

 (a) Parallel mode; (b) Series mode [14]. 
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Figure 2.5 Schematic of a microinverter without the charge control circuit (CCC) [28]. 

Figure 2.5 shows the schematic of a simplified multilevel energy buffer and 

voltage modulator (MEB) microinverter without the CCC. The switched-capacitor energy 

buffers (SCEB) are connected in series between the PV side and converter. The SCEB is 

composed of four switches and one buffer capacitor CBUF. Assume that the CBUF is so 

large that vBUF does not vary much during a line cycle. Therefore, CBUF is an active 

energy buffer to reduce the double-line-frequency ripple. Since CBUF is not across the PV 

panel, the voltage ripple across it can be larger than that the buffer capacitor is across the 

PV side. And in the MEB microinverter, the double-line-frequency ripple is decoupled by 

both CIN and CBUF. Therefore, the energy storage CIN and its size can be reduced to a 

smaller level in this way [28].   

There are some other series connection topologies in literature [29],[30]. Figure 

2.6 is another example of series connection [29]. The active buffer circuit lies between 

the converter and DC side.  Because the active buffer circuits are connected in series, the 
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PV power is transferred to the end through active buffer filter. Then the efficiency of the 

whole system may decrease certain amount. Additionally, the active buffer filter partly 

depends on original topology. 

 

Figure 2.6 Proposed converter topology in [29]. 

The parallel connection topology of the active power decoupling method is 

commonly used [27],[28] [32]-[35].  

 

Figure 2.7 The Current Pulsation Smoothing Parallel Active Filter in [32]. 
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As shown in Figure 2.7, the enclosed range with red dash line is the part of the 

current pulsation smoothing parallel active filter (CPS-PAF). Since it is connected in 

parallel, not all the PV power is flowing through the CPS-PAF. Then the system 

efficiency decrease from CPS-PAF is smaller than that from the series connected active 

filter. The PV module can be operated close enough to the maximum power point.  

 

Figure 2.8 Topology for an inverter with active power decoupling [34]. 

Figure 2.8 shows the zero-voltage-switching (ZVS) topology of single-phase full-

bridge inverter with buck-type APD. The APD is connected in parallel with the inverter. 

The dc bus current ripple is reduced dramatically by adding the APD to the topology 

[34].  

Although the research about active power decoupling is in in full swing, some 

preliminary conclusions are drawn. First, most of the active decoupling filters are 

connected in parallel with the main inverter. One reason is that higher system efficiency 

can be obtained easily in the parallel-connected topology. Because only the ripple energy 
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is processed in the parallel-connected active ripple filter and all the main power are 

processed in the series-connected mode, there are more loss in the series-connected mode 

[19][32]. Another reason is that control methods and modulation strategies are more 

flexible in the parallel-connected topology since the active filter is independent from the 

inverter [32]. Second, the capacitors are used in most of the active power decoupling 

method [14]. This is based on the inductor is found not to be as good as the capacitor in 

terms of energy density for an application using a few hundred hertz, which means the 

captive device is more effective at having smaller energy storage component volume [35]. 

There are two major reasons for this. For one thing, a larger magnetic core size is 

required to meet the flux saturation requirement for the inductor, this is because the 

magnetic material saturation flux will limit the inductor’s volume; for another thing, 

more volume is required for inductor’s thermal dissipation to meet the temperature rise 

requirement, because of the more energy loss of inductor compared with that of the 

capacitor [35]-[36].  

The reason is higher energy density can be achieved in capacitor compared with 

inductor. With certain requirements of energy storage and the operating frequency, 

energy storage components size is reduced for both inductive and capacitive method. 

2.3 Hybrid Method 

The addition of active switching devices is the typical character of active power 

decoupling. However, this will lead to the cost increase significantly. Most researchers 
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paid more attention to the active power decoupling topologies with the features of low 

cost, low volume and weight, high efficiency, high reliability, and high performance. 

Recently, some topology without any additional semiconductors has developed. A 

structure of a single-phase H-bridge voltage source converter (VSC) shown in Figure 2.9 

is proposed in [20]. Only two capacitors are required to place between the midpoint and 

one end of each inverter leg to decouple the ripple power. The design is simple, and the 

ripple power is transferred toward the capacitors.  

 

Figure 2.9 Structure of the single-phase VSC with decoupling circuit [20]. 

However, in this way, switches multiplexing is usually the choice, which will 

result in the system suffer from more constraints, such as increasing voltage/current stress, 

reduced operation range, increased volume, and complicated control algorithms [15]. On 

the other hand, the power decoupling topologies with switch multiplexing benefit from 

fewer power semiconductor devices. However, they usually suffer from more constraints, 

such as voltage/current stress increase, reduced operation range, increased volume, and 

complicated control algorithms [20]. 
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Recently, Single-phase power decoupling technique utilizing hybrid method with 

passive and active power decoupling is proposed in [37] [see Figure 2.10]. From Figure 

2.10 (b), we can see that power decoupling circuit consists of the boost type DC active 

filter and passive capacitor (Cdc) together. According to the authors, the power density of 

the hybrid method is higher in comparison with the active power decoupling operation 

and the passive method. 

 

(a)                                                               (b) 

Figure 2.10 Circuit configuration: (a) original single-phase inverter;(b) boost type DC 

active filter [37]. 

2.4 Summary  

This chapter is mainly about the power decoupling methods from the view of 

connection ways. Then three different decoupling method, passive decoupling method, 

active decoupling method and hybrid method are described respectively. In fact, the 

principle of the hybrid method is the addition of the passive and active power decoupling 

methods. 
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Chapter 3 : Two-Stage Power Decoupling Power Decoupling in 

D-Q Frame 

   Recently, a power decoupling method without using additional power 

electronics devices is introduced [20]. However, the use of parameter dependent 

proportional resonant (PR) controllers may not achieve satisfactory compensation in case 

there are parameter drifts in the system [38]-[44]. Furthermore, the existing power 

decoupling methods are achieved either on DC side or AC side [14], [20], [24], [47],[48], 

the traditional PI controller cannot be used due to the need of the large gain at the grid 

frequency or double grid frequency. The power decoupling control in D-Q frame has 

superiority of dealing with the DC-link voltage ripple [49]. 

This chapter presents modeling and designing controllers for a PV inverter by 

controlling the DC-link voltage ripples in the D-Q frame. The proposed power 

decoupling will be achieved on both DC and the AC side with all film capacitors, which 

increases the overall reliability of the converter. Besides, in the D-Q frame, the 

conventional proportional integral (PI) controllers can be easily designed and used for 

power decoupling. 

3.1 Principle of Two-Stage Power Decoupling 

As we mentioned before, equation (2.1) shows that the instantaneous power of the 

converter is composed of a continuous component (P) and an oscillation component ( p~ ) 
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at twice the load/grid frequency. This chapter is to model and design controllers of an 

inverter with smaller capacitance to achieve power decoupling on both DC and AC sides. 

 The amount of decoupling power on the DC side can be calculated as follows:                                               

 2dc dc dc dcp C V v=       (3.1)  

where ω is the angular frequency of the grid; Vdc and ∆vdc are the DC and AC 

components of vdc, respectively. As indicated in equation (3.1), a large value of Cdc is 

needed if power is decoupled on the DC side only. Such large capacitance requires to use 

an electrolytic capacitor which has lower reliability than the film capacitor.  
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Figure 3.1 Two-stage power decoupling PV inverter. 

On the AC side, to remove the pulsating power with small capacitance, two 

capacitors, CA and CB are added on a H-bridge inverter as shown in Figure 3.1. On one 

hand, the voltage difference between vA and vB is controlled to be vg; on the other hand, 

two capacitors CA and CB are used for absorbing the pulsating power component on the 

AC side. For simplicity purposes, the voltage drop on the inductors LA and LB will be 

neglected in the analysis for the calculation of the voltage of the CA and CB [20].  Then 
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the pulsating power on the AC side is decoupled by the capacitors CA and CB. Since vo is 

sinusoidal waveform, vAB can be solved as follows: 

 
( ) 2

2

0

2

sin 2

2 4 2

ac o o
AB c

P t v v
v V

C






= + − 


 (3.2) 

where Pac represents the power decoupled on the AC side; Vc0 is the initial voltage of CA 

and CB; CA = CB = C2. 

 

Figure 3.2 Ideal waveforms of the inverter. 

Figure 3.2 shows the ideal waveforms of vA, vB, and vo, as shown in Figure 3.2, vA 

and vB are DC voltages while its difference vo is AC voltage with sinusoidal waveform. 

3.2 Modeling and Controllers Design  

There are three objectives of this PV inverter: 1) to regulate the output current vg 

to be sinusoidal waveform; 2) to achieve the MPPT for the PV panel; 3) to realize power 
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decoupling on both DC and AC side such that all film capacitor with small capacitance 

can be used. 

3.2.1 State-space Equation  

In this chapter, LA = LB = L2, with the average state-space method, the average 

model of the whole PV inverter can be derived as follows: 
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                                           (3.3) 

where r2 and rg are the parasitic resistors of L2 and Lg, respectively; dA, and dB are the 

duty cycles of S1 and S3, respectively. The model described in equation (3.3) is a multi-

input multi-output system. By introducing the common and differential mode signals into 

equation (3.3), e.g., ic = iA + iB; id = iA – iB; vc = vA + vB, vd = vo = vA – vB, D = (dA + dB)/2 

= vcom/Vdc, d = (dA – dB)/2 = vo/(2Vdc), then equation (3.3) can be rewritten as: 
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 (3.5) 

When PV panel works in the vicinity of the maximum power point (MPP), the 

first derivative of its power with respect to its voltage is zero.                           

0=+= pvmpppvmpppv iVvIdp                                                   (3.6) 

where Vmpp and Impp represent the voltage and current of the PV panel when it works at 

MPP, respectively [46]. Then 

1pv

pv dc dc

mpp pv

I
i v v

V r

−
= −  =                                                        (3.7)                                  

where rpv represents the equivalent resistance of the PV panel around the MPP. Then 

equation (3.7) can be further written as: 
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The differential equations of the differential and common signals in the α-β 

stationary frame can be found as follows: 
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 (3.10) 

3.2.2 d-q Transformation 

The main function of the d-q transformation is to change the variables from a 

stationary to a rotating frame. Hence the time-varying variables such as current 

components and voltage components become DC in d-q frame instead of AC values in 

stationary frame [50]-[52]. Therefore, the control method for the single-phase converters 

with zero steady state error can be implemented. The d-q transformation is originally 

used in three-phase synchronous machine [50]. 



27 

 

 

 

Figure 3.3  the schemtaic of ideal symmetrical three-phase synchronous machine [50]. 

For the three-phase system, as shown in Figure 3.3, in a-b-c coordinates, axis of 

phase a, axis of phase b and axis of phase are fixed on the same plane, apart from each 

other by 2π/3; and d-q synchronous reference frame are built by direct axis (d-axis) and 

quadrature axis (q-axis), and rotary angle θ = ωt is the angle between d-axis of the rotor 

and the axis of phase a phase reference axis, measured in the normal direction of the rotor 

[50], where ω is the system angular frequency.  

The d-q transformation (also named park transformation) formula for the three-

phase system space vectors (such as voltages, currents, and linkages) is as follows: 
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 (3.11) 

There is another way to obtain the d-q transformation.  Firstly, the space vectors 

are transformed from a-b-c coordinates to α-β coordinates by Clarke transformation; then 

the transformation is done from α-β coordinates to d-q synchronous reference frame [43]. 

The following equations are obtained: 
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For single-phase systems, this transformation cannot be applied directly because 

there is only one variable available, while the d-q transformation needs at least two 

orthogonal variables [51]-[53]. The authors of reference [51] presented the extension of 

the d-q transformation for single-phase systems. The imaginary orthogonal vector of the 

original vector with the same amplitude is proposed and then an orthogonal plane made 

of the two variables is formed. Although the imaginary vector does not exist physically. 

The single-phase d-q transformation matches with the transformation to change from α-β 

to d-q reference frame. However, it is preferred to call the signals as real and imaginary 

instead of α and β. Because a different d-q harmonic mapping from that of the three-

phase one is obtained by using this method. 

Equation (3.9) in the d-q frame can be derived as: 
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where Ki represents the coupling network of the current loop. Then with the decoupling 

networks, i.e., − Ki·ig
(dq), the transfer function of ig(s)/vd(s) can be found from equation 

(3.13), i.e., 

 ( ) ( )3 2 2 2

3 2 1 3 0 2

( ) 1

( ) 3

g

d

i s

v s a s a s a a s a a 
=

 +  + −  + −
 (3.14) 
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Similarly, the equation(3.10) in the d-q frame can be derived as: 
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Figure 3.4 Signal flow of the overall system 

where Kv1 and Kv2 represents the coupling network of the voltage loop. Then with the 

decoupling networks, i.e., − Kv1·vdc
(dq) and −Kv2·vcom

(dq), the transfer function of 

vdc(s)/vcom(s) can be found from equation (3.15), i.e.,  
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 (3.16) 

As indicated by equation (3.14) and equation (3.16), the transfer function in the d-

q frame is a third order system and conventional PI controllers can be designed to control 

the output current and the DC-link voltage ripple. The overall signal flows is shown in 

Figure 3.4. As shown in Figure 3.4, BPF is the band pass filter, and there are three 

controllers, Gcvdc(s), Gcvd(s), and Gcvc(s), which controls the DC link average voltage, grid 

current, and voltage ripple, respectively. Once the decoupling networks, e.g., − Ki·ig
(dq) 

and − Kv1·∆vdc
(dq), are applied, controllers of ig and ∆vdc can be designed based on 

ig(s)/vd(s) and vdc(s)/vcom(s), respectively.  

 

(a) 
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(b) 

Figure 3.5 Bode plot of system before and after compensations. (a) ig(s)/vd(s) with and 

without Gcvd(s); (b) vdc(s)/vcom(s) with and without Gcvc(s). 

Figure 3.5 shows the bode plots of ig(s)/vd(s) and vdc(s)/vcom(s) before and after 

using Gcvd(s) and Gcvc(s), respectively. As shown in Figure 3.5, the original current loop 

has high gain (≈ 50 dB) at its resonant peak, PI controller Gcvd(s) which has the form of 

kp·(s + ki)/s is derived by suppressing gain at resonant frequency below – 20 dB. 

Similarly, Gcvc(s) can be determined. Table I summarizes the controller parameters. 
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TABLE I: PARAMETERS OF CONTROLLERS  

 Gcvd(s) Gcvc(s) Gcvdc(s) 

kp 8.64×10-2 1.064×10-5 1.54×10-4 

ki 1000 1.2766×106 5.35×102 

3.3 Experimental Results  

A PV prototype is built to validate the proposed controllers. Figure 3.6 

Experimental setup shows the experimental setup, where PV panel is emulated by a BK 

PVS60085MR programmable DC source; the control algorithm was implemented in 

eZdsp F28335. The open-circuit voltage and short-circuit current of PV panel are 220 V 

and 2.4 A, respectively, and the voltage corresponding to the maximum power (= 400 W) 

is around 180 V. Cdc = CA = CB = 68 µF, L2 = 470 µH, Lg = 940 µH.  

 

Figure 3.6 Experimental setup 

Figure 3.7 shows the steady state waveforms of vdc, ig, d, and D. The peak-to-

peak-value of the vdc is 6.8 V, which indicates the power decoupling is mainly achieved 
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on the AC side. Due to the existence of D, the double frequency voltage ripple of the vdc 

is eliminated. 

 

Figure 3.7 Steady-state waveforms of vdc, ig, d and D. 

Figure 3.8 compares the steady state waveforms of vdc and ig without and with the 

use of Gcvc(s). As shown in Figure 3.8(a), without Gcvc(s), the dominant ripple component 

of vdc is 120 Hz with the peak-to-peak value is approximate 25 V, the amount of 

decoupling power on the DC link is 115 W according to equation (3.1). Therefore, the 

rest 285 W power decoupling is achieved on the AC side, i.e., CA and CB. When Gcvc(s) is 

used, the maximum peak-to-peak value of vdc is 5 V, the calculated power decoupled on 

the DC side is around 11.5 W, which indicates 388 W power decoupling is achieved on 

the AC side. Therefore, the two-stage power decoupling can be controlled by regulating 

the DC-link voltage ripple, which validates the effectiveness of Gcvc(s). The mean value 

can be controlled by regulating the DC-link voltage ripple, which validates the 

effectiveness of Gcvc(s). The mean value of vdc is close to 180 V and the output current ig 

ig (10A/div)

d

6.8 Vvdc (10V/div)

Time: 20ms/div

D
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is sinusoidal waveform and measured root mean square (RMS) value of ig is 5.9 A, which 

testify Gcvdc(s) and Gcvd(s). 

 

(a) 

 

(b) 

Figure 3.8 Comparison of steady-state waveforms. (a) Without Gcvc(s); (b) with Gcvc(s). 
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Figure 3.9 Spectrum of vdc with Gcvc(s). 

Figure 3.9 compares the spectrum of vdc when Gcvc(s) is used, the traditional 

harmonic at 2·fg is suppressed close to zero, the dominant ripple components are changed 

to the 1st and 4th order, their magnitudes, i.e., 1 V, are less than 10V. It should be noted 

that if the power is only decoupled on the DC link to control the ripple of 5 V, the 

capacitance value of Cdc is 900 µF thus the film capacitor which has high reliability 

cannot be used.  

 

Figure 3.10 Transient response when the load changes. 
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Figure 3.10 shows the transient response when the load is changed. As shown in 

Figure 3.10, the frequency of vd and vcom are 60 Hz and 120 Hz, respectively.  At first, ig 

= 5.16 A, the vdc ripple is less than 3 V due to the existence of vcom. At t = 240 ms, ig is 

changed to 6.67 A, the transient state lasts approximately 60 ms, during which vdc first 

drops and then increases, the steady-state voltage ripple is around 5 V which is slightly 

higher than 3 V. At t = 760 ms, ig is changed back to 5.16 A, vdc has around 12-V 

overshoot then drops back to 180 V, which again validates the effectiveness of the three 

designed controllers. 

3.4  Summary  

This chapter presented modeling and control of a two-stage power decoupled PV 

inverter. The power decoupling can be achieved on both DC and AC sides, then the film 

capacitors with smaller capacitance can be used on DC-link. Besides, by modeling the 

inverter in the d-q frame, the conventional PI controllers can be designed to remove the 

pulsating power. The experimental results showed the capacitor at DC bus can be 

significantly reduced from 900 µF to 68 µF while maintaining the same voltage ripple. 

The use of film capacitors will further increase the life span and the reliability of the PV 

inverter. 
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Chapter 4 : A Composite Power Decoupling Method with 

Optimized Energy Buffer  

As mentioned in chapter 2, there are two categories of the power decoupling 

according to the use of the active switch or not, the passive power decoupling (PPD) and 

active power decoupling (APD).  

The traditional PPD solution places a capacitor on the PV side or DC-link [14]. 

The advantage of this solution is its simplicity and ease of implementation. However, 

because of the low frequency of the grid, either a large capacitor or a high voltage is 

required in this DC side passive power decoupling (DC-PPD). which requires larger 

energy buffer. Since the energy buffer is proportional to the capacitance and the voltage 

squared [8], large energy buffer is required. Hence the large capacitance or high voltage 

rating in DC-PPD requires bulky and less reliable electrolytic capacitor.  

To reduce the capacitance (or energy buffer), numerous APD methods with 

additional circuits or power electronics devices are used [53]-[55]. These APD methods 

are implemented by either adding an extra bidirectional converter, e.g., buck-boost 

converter [53],[55] or using complicated control algorithms for power decoupling [54], 

which increase the voltage or current stress of the added circuit and requires more 

powerful DSP [56]. Recently, AC side active power decoupling (AC-APD) methods were 

introduced without adding extra power electronics devices in the literature, e.g., 

introducing two capacitors on the AC side [20],[40], dynamic power decoupling strategy 
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to limit the maximum power ripple [57]. Introducing one phase [58] and doubling ground 

with dynamic DC-link voltage [59]. However, the traditional PI controller cannot be used 

due to its low gain at the double grid frequency. The use of parameter dependent 

controller may not achieve satisfactory compensation in case there are parameter drifts in 

the system [60]-[61]. Moreover, it requires too many measurements, and they are focus 

on either DC or AC side power decoupling, capacitance is optimized on either side thus 

the total capacitor volume is not minimized. 

In this paper, a composite power decoupling (CPD) is proposed to address the 

following issues: 1) optimization of the total capacitance includes both DC and AC sides 

while maintain high MPPT efficiency and low THDi; 2) supporting the double line 

frequency power with reliable film capacitor by using the developed CPD which can 

automatically activate or deactivate the DC-PPD; 3) modeling in d-q frame and develop 

PI controller with simple structure and fewer measurements [60]. 

The rest of the chapter is organized as follows. Section I illustrates power 

decoupling and energy buffer optimization. Section II discusses the modeling and 

controller design of the inverter. Detailed experimental results are provided in Section III. 

A brief conclusion is presented in Section V. 

4.1 Power Decoupling and Energy Buffer Optimization 
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The overall configuration of the PV inverter is shown in Figure 3.1. Due to the 

added power decoupling capability, Cdc can be reduced so that the film capacitor which 

has longer lifetime and higher reliability than the electrolytic capacitor can be used. 

Unlike existing methods where the power decoupling is either realized on the DC or AC 

side, in this chapter, the power decoupling is achieved on both sides dynamically, 

therefore it has the merits of both passive and active power decoupling methods 

mentioned in Chapter 2.  

The equation (2.1), as we mentioned before, shows that the instantaneous power 

of the inverter which works in the vicinity of unity power factor. P and p~  represents 

average and pulsating power of the inverter, respectively. In this chapter, since power is 

decoupled on both DC and AC side, assuming φ=0, then the decoupling power can be 

expressed as: 

 ( )cos 2 dc acS t p p = +  (4.1) 

Just do the average we can obtain: 

 dc acP P P= +        (4.2) 

where Pdc and Pac are the power decoupled by DC-PPD and AC-APD, respectively. 

4.1.1 DC Side Passive Power Decoupling 

               Like the traditional DC-PPD which is achieved by placing a capacitor on the 

DC link, the maximum amount of power decoupled on the DC bus can be calculated with 

the equation(3.1), where Pdc is the power decoupled by Cdc. Due to the size and 
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capacitance limitation of the film capacitor, the capacity of DC-PPD is limited. 

Considering the maximum allowance of ∆vdc should not be more than 5% of Vdc 

according to the IEEE standard 519, the maximum power decoupled on the DC side.  

 
2

,max 0.1dc dc dcP C V=     (4.3) 

4.1.2 AC Side Active Power Decoupling 

On the AC side, the pulsating power is removed by the two added capacitors, the 

decoupled power is 

 ( )cos 2A B
A A B B ac

dv dv
v C v C P t

dt dt


   
  +   =    
   

 (4.4) 

Substituting vo = vA − vB, vA,B (vA and vB) can be found: 
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where Vc0 is the voltage of CA and CB when t = 0; CA = CB = C2; vcom = (vA + vB)/2, and vd 

= (vA – vB)/2.  The duty cycles of the switch S1 and S3, dA,B = vA,B/Vdc.  

 

Figure 4.1 Ideal waveforms of vA, vB, pin, and po. 
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Figure 4.1 shows the ideal waveforms of vA, vB, pin, and po within one grid cycle, 

pin is desired to be constant, two capacitors charge and discharge to remove the pulsated 

power of po, vA and vB are DC voltages and its difference vo is sinusoidal waveform. 

According to equation (4.4), the value of Pac is limited to maintain 0 ≤ vA,B ≤ Vdc. For a 

rated Pac, it is necessary to find the minimum value of C2. Then the relationship between 

the C2 and Pac should be found. As shown in Figure 4.1, during the range of [−T/8, T/8], 

pin > po, the pulsated energy absorbed by CA and CB can be found:  
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2 8 8 8 8
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T T T T
E C v v v v

− −        
 =   − + −        

        
 (4.6) 

Substitute vA and vB calculated from equation (4.5) into equation(4.6), then 

 
2

2 0cE C V =   (4.7) 

During this period, as illustrated in Figure 4.1, the surplus energy stored in two 

capacitors is 

 8

8

( )
T

ac
T

P
E p t dt

−
 =  =  (4.8) 

The decoupled power can be calculated as follows: 

 
2

2 0ac cP C V=    (4.9) 

Equation (4.9) indicates that the decoupled power is determined by both C2 and 

Vc0 under the constraint of equation (4.7). Since 0 ≤ vA,B ≤ Vdc, the minimum value of C2 

is achieved when min(vA,B) = 0 and max(vA,B) = Vdc at the same time. By setting vA(ωt) = 0 
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and vA
ʹ(ωt) = 0, the minimum value of Vc0 can be found when tan(ωt) = − 2, the details is 

in appendix. 

 0,min

2

3
c oV V=     (4.10) 

For any Vc0 ≥ Vc0,min, min(vA,B) ≥ 0 can be guaranteed. Similarly, by setting vB(ωt) 

= Vdc and vB
ʹ(ωt) = 0: 

 
0,max

6

4
c dcV V=       (4.11) 

since Vc0,max ≥ Vc0,min, then Vdc ≥ 4√2·Vo/3, when Vc0,min = Vc0,max, min(vA,B) = 0 

and max(vA,B) = Vdc can be achieved at the same time, the power decoupling capability is 

maximized by a given C2 and its value is: 

 
2

,max 2

3

8
ac dcP C V=     (4.12) 

4.1.3 Composite Power Decoupling 

The amount of power decoupling by DC-PPD and AC-APD needs to be allocated 

with the load power. According to equation(3.1), the DC-link voltage ripple can be used 

for controlling the amount of power decoupled by DC-PPD.            

Figure 4.2 shows the CPD control strategy by controlling the voltage ripple Δvdc, 

where Δv*
dc,1 and Δv*

dc,2 are references at the steady-state and the starting process, 

respectively. As shown in Figure 4.2 (a), in the steady state, when p < Pac,max, power will 

be decoupled on the AC side, Δv*
dc,1 = 0; when Pac,max < p < Pmax, the reference ripple 
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voltage is linearly increased with p and its value is limited to the predefined maximum 

value, i.e., Δvdc,max, when p ≥ Pmax.  
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(a)                                              (b) 

Figure 4.2 Composite power decoupling control strategy. (a) Δvdc
* in the steady state; (b) 

Δvdc
* during the starting process. 

During the starting processing, since it takes some time to measure the value of P, 

the power decoupling capacity is set as the maximum, i.e., Δvdc
* = Δvdc,max, the reference 

voltage ripple will be linearly decreased to zero as shown in Figure 4.2 (b),then its values 

can be expressed: 

 
* ,max

,2 ,max

dc

dc dc start

start

v
v v t t t

t


 =  −    (4.14) 

where tstart is the starting time of the inverter. Considering both (4.13) and (4.14) , the 

reference of the ripple voltage becomes: 

 ( )* * *

,1 ,2max ,dc dc dcv v v =    (4.15) 
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4.1.4 Capacitance Optimization 

One function of inductors and capacitors is to control the current and voltage 

ripple at the switching frequency to meet the design requirement. Therefore, the 

minimum values need to be found before optimization. 

 
( )

2 2

1dc A Adc A
A A

s

V d dV V
I d T

L f L

 − −
 =   =


 (4.16) 

where LA = LB = L2; fs is the switching frequency. Since dA ≥ 0, for a given ΔI%, the 

minimum L2 is 

 2,min
8 %

dc o

s

V V
L

f P I


=

  
 (4.17) 

The change of electric charge at Cdc during the switching period ΔQdc = (ΔIA + 

ΔIB)·T/2 and the minimum value of Cdc is: 
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% 8
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dc
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v f v V

  
= = 

    (4.18) 

where ∆vdc,fs% = ∆vdc,fs/Vdc is the voltage ripple at fs. Similarly, the minimum value of C2 

can be found as follows: 

 2,min

,2 2
s

A A o

A f dc

I d T K I
C

v V

   
= =

 
 (4.19) 

where K is defined in (4.18); ∆vA,fs is the voltage ripple of vA at fs. Equation (4.18)

and(4.19) indicate that for a given P and design criteria, the minimum capacitors are 

determined by fs and Vdc. Then the objective function of the minimum energy stored in 

the capacitors can be expressed as follows:   
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Problem (21) is an optimization problem with power, minimum capacitance, and 

voltage constraints. Figure 4.3 shows the process of finding the optimization solution. 

The feasible solution area is determined by their constraints, i.e., C2 ≥ C2,min, and Cdc ≥ 

Cdc,min. Then power at point B is 

 
11 2

195.5
30

BP K P K P


=        (4.21)   

 

Figure 4.3 The feasible and optimal solutions. 

Since the slope of E is – 2, which is larger than – 3.75 that corresponds to the 

power. Therefore, for the same power, EC < ED. The minimum energy buffer requirement 

can be found in the segment of BC.  
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To make the optimum solution independent of the power rating, the value of K is 

properly designed to guarantee P ≤ PB, then the optimum solution is unique, i.e., point B 

(Cdc
* = 1.75·C2

*) as illustrated in Figure 4.3. 

 

(a) 

 

(b) 
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Figure 4.4 Power vs vdc, Cdc, and C2. (a) 4D view; (b) contour. 

Figure 4.4 power vs Vdc and C2 when the maximum ΔI% = 25% and Δv% = 0.3%. 

As shown in Figure 4.4, the decoupling power is increased with Vdc and C2. The value of 

C2 and Vdc can be selected from the curve, e.g., for P = 450 W, Vdc and C2 can be selected 

to be 180 V and 67 µF, respectively. In this Chapter, C2 = 68 μF, Cdc = 125 μF which is 

slightly higher than that calculated from equation (4.18). 

Figure 4.5 compares the energy with different power decoupling methods. For a 

given P, use DC-PPD or AC-APD only requires more energy stored in capacitors than  

that with optimized CPD., e.g., when P = 450 W, the value of energy with DC-PPD, AC-

APD and CPD are 1000 J, 620 J, and 480 J, respectively. Compared to DC-PPD and AC-

APD, the capacitance (or energy buffer) can be reduced by 52% and 23% with the CPD. 

 

Figure 4.5 Comparison of energy with different power decoupling methods. 

4.2 Modeling And Controllers Design in d-q Frame   
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Once the parameters of inverters are selected, the controllers of two-stage PV 

inverter are needed to be properly designed to achieve DC-PPD and AC-APD.  

4.2.1 Modeling in the d-q Frame 

With the average state-space method, the model of the PV inverter is expressed as  

equations from(3.3) to(3.10), and io = ig, vc=vcom. Define d = (dA – dB)/2 = vd/Vdc. The 

transfer function vdc(s)/io(s) can be derived as 

 
( ) 2

( ) 1/

dc

o dc pv

v s d

i s C s r


= −

 +
  (4.23) 

By applying the d-q transformation, equations of the differential and common 

mode signals in the d-q rotation frame can be found and listed in equations (3.13) and  

(3.15), which indicates that the output current (io) and voltage ripple (∆vdc) can be 

controlled by differential and common mode voltages, respectively. Ki and Kv represents 

the coupling network of the current and voltage loop, respectively, with the decoupling 

networks, i.e., − Ki·io
(dq),  Kv1·Δvdc

(dq), and − Kv2·vc
(dq), the transfer function of io(s)/vd(s) 

and ∆vdc(s)/vc(s) in the d-q frame can be found in equations (3.14) and (3.16). 

4.2.2 Controllers Design 

As indicated by equations (3.14) and (3.16), the transfer functions of io(s)/vd(s) 

and ∆vdc(s)/vc(s) in the d-q frame is a traditional third order system. In this paper, the PI 

controller with the form of Gc(s) = kp·(s + ki)/s is used. 
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Figure 4.6 Bode plot of ∆vdc(s)/vc(s) before and after using Gcvc(s). 

Figure 4.6 shows the bode plots of ∆vdc(s)/vc(s) before and after using Gcvc(s). As 

shown in Figure 4.6, the ripple voltage loop has high cutoff frequency and resonant peak 

around 1.6 kHz, Gcvc(s) is derived by suppressing gain at resonant frequency below – 20 

dB while maintaining its cutoff frequency lower than 120 Hz. Similarly, Gcvdc(s) and 

Gcvd(s) can be designed by setting their corresponding cutoff frequencies to be 30 Hz and 

1 kHz, respectively. Table I summarizes three controllers’ parameters. 

TABLE I: Parameters of Controllers 

 Gcvd(s) Gcvc(s) Gcvdc(s) 

kp 0.026 0.0025 0.5 

ki 72 100 90 
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Figure 4.7 Signal flow of the overall system. 

The overall signal flows are shown in Figure 4.7, where Δvdc is extracted by a 

notch filter [26]. Three controllers, Gcvdc(s), Gcvd(s), and Gcvc(s), controls the Vdc, io, and 

Δvdc, respectively. The reference Vdc
* is determined by a MPPT controller to track the 

maximum power of the PV panel which is beyond the scope of this paper. Gcvc(s) 

regulates Δvdc which further controls the amount of power decoupled on the DC side. For 

example, when Δv*
dc = 0, DC-PPD is inactive, power is decoupled by AC-APD. When 

Δv*
dc = 5%·Vdc, both DC-PPD and AC-APD are active and maximum power decoupling 

capability is achieved. 

4.3 Experimental Verification  

A prototype of PV inverter is built to validate the proposed controllers. Figure 4.8 

shows the experimental setup, where PV panel is emulated by a BK PVS60085MR 

programmable DC source; the maximum power is 420 W, the voltage corresponding to 
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the maximum power (Vmpp) is around 180 V. All film capacitors are used in the PV 

inverter, C2 = 68 µF, Cdc = 125 µF, L2 = Lg/2 = 470 µH, resistive load (R = 27 Ω) and 

nonlinear RCD load. Control algorithms are implemented in eZdsp F28335.  

 

Figure 4.8  Experimental setup. 

In the experiment, to avoid the parameters mismatch due to the tolerance of 

capacitance, voltage ripple, and efficiency of the inverter, Pmax = 420 W and Pac,max = 310 

W (≈ 74% Pmax) which are slightly lower than the calculation. 

4.3.1 AC-APD and its Optimization 

To validate the optimization of capacitance, the input power first is set to be 

Pac,max so that the maximum power decoupling capability on the AC side can be observed, 

e.g., the maximum power of the PV panel is 308 W (< Pac,max). Figure 4.9 shows the 

measured waveforms when the optimized parameters are used when the power is 

decoupled on the AC side, i.e., Vc0,min = Vc0,max, the mean value of vdc is 181 V which is 

close to the Vmpp of the PV simulator, the measured peak-to-peak value of vdc is 4.2 V, 
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then Δvdc% = Δvdc/(2Vdc) = 1.2 %, such small Δvdc indicates the power decoupling is 

mainly achieved AC-APD. Besides, as shown in Figure 4.9, the minimum and maximum 

values of vB is 6 V and 176 V, respectively, these values are close to their ideal minimum 

and maximum values, i.e., values 0 V and 180 V, which indicates the maximum power 

decoupling capability is achieved with AC-APD. 

 

Figure 4.9  Measured waveforms when AC-APD is used. 

Figure 4.10 shows the measured input and output power of the inverter, i.e., pin 

and po. The average input power is constant with small oscillation, the value of 308 W 

indicates the inverter has achieved 99.3% MPPT efficiency. The measured output power 

is pulsated at 120 Hz, the minimum, mean, and maximum power are 0 W, 280W, and 

579W, respectively. The measured average output power (P = 280 W) is lower than input 

308 W because of the non 100% efficiency of the inverter.  
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Figure 4.10  Measured input and output power of the inverter with AC-APD. 

 

Figure 4.11 Spectrum of io with optimized AC-APD. 

Figure 4.11 shows the spectrum of io with optimized AC-APD, the dominant 

ripple components of Δvdc are 60 Hz and 240 Hz and their frequencies are 0.3 V and 0.6 

V, the value of Δvdc is less than 2 V, the THD of io is 2.48% due to the small Δvdc. 
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4.3.2 Composite Power Decoupling 

To validate the proposed CPD strategy, the solar power is step changed by 

abruptly connecting a 200 Ω resistor to the DC link. Then the DC side will be 

automatically deactivated when power is changed. In the experiment, Δvdc,max = 9 V so 

that the maximum power can be achieved while maintaining Δvdc% < 5%, the starting 

time tstart = 1.2 sec. 

Figure 4.12 shows measured waveforms when the input solar power is stepped 

changed from 420 W to 245 W. As shown in Figure 4.12 (a), the overall transient lasts 

approximately 60 ms, during which vdc first drops and then increases, before and after the 

transient, Vdc is controlled to be 180 V, which further demonstrates the effectiveness of 

Gvdc(s). The voltage ripple is decreased drastically after the transient, which indicates the 

DC-PPD is not active. During the whole transient, the magnitude of io changes but it has 

sinusoidal waveform. 

When t < − 5 ms as shown in Figure 4.12 (b), the input solar power (pin) is 420 W, 

pin oscillates and it has both 120 Hz and high frequency components, which indicates 

both DC-PPD and AC-APD are active. The peak-to-peak value of the Δvdc is 16 V, which 

means the Pdc,max is achieved and its value is around 135 W. The rest 285 W is decoupled 

on the AC side. Besides, as shown in Figure 4.12 (b), the minimum and maximum of vA 

are 6.8 V and 176.4 V, which are close to that measured in Figure 4.9, therefore, the 

maximum power is decoupled on the AC side.  
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(a) 

 
(b) 

 
(c) 
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Figure 4.12 Measured waveforms when pin is step changed from 420 W to 245 W. 

(a) overall transient; (b) pin = 420 W, both DC-PPD and AC-APD are active. (c) pin = 245 

W, only AC-APD is active. 

When t > 300 ms as shown in Figure 4.12 (c), the measured pin = 245 W (< 

Pac,max), according to equation(4.13) , Δv*
dc = 0 and the power is only decoupled on the 

AC side, which is validated from the measured low voltage ripple value, i.e., Δvdc = 3.3 V.  

Figure 4.13 shows the spectrum of io when pin = 420 W. It should be noted that it 

is the worst case since the 16 V peak-to-peak value is close to its predefined maximum 18 

V. The major component of the harmonic current is 0.15 A at 180 Hz, the calculated 

THDi is 4.34% which is less than 5%. 

 

Figure 4.13 Spectrum of io when pin = 420 W. 
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Figure 4.14 Measured waveforms during the starting process. 

Figure 4.14 shows the measured waveforms during the starting process when P = 

292 W. As shown in Figure 4.14, the measured Δvdc decreases with the time, when t = 

100 ms (< tstart), the peak-to-peak value of Δvdc is 19.5 V, it is slightly higher than 

2·Δvdc,max (= 18 V), DC-PPD is active; when t = tstart, Δv*
dc = 0 thus DC-PPD is not active; 

when t  = 1.5 s (> tstart), the measured peak-to-peak value of Δvdc is decreased to 5.8 V, it 

is close to that measured in Figure 4.9, which indicates the power is decoupled by AC-

APD after t  = 1.5 s. 
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4.3.3 MPPT Efficiency 

As shown in Figure 4.9, when p = Pac,max, the voltage ripple can be controlled less 

than 4.2 V, for such low ripple value, the high MPPT efficiency of the PV inverter can be 

guaranteed. When p > Pac,max, DC-PPD is active, the MPPT efficiency decreases with the 

power. When p = Pmax, MPPT efficiency is the lowest.  

Figure 4.15 shows the measured waveform of vdc, ipv and the PV curve when the 

maximum power point (MPP) is set to be 420 W. The measured mean value of vdc is 180 

V, the peak-to-peak value of vdc is 17.8 V. Figure 4.15 (b) shows the PV curve in the 

vicinity of MPP within Δvdc is 17.8 V. When vdc changes between 171 V and 189 V, the 

PV current decreases from 2.4 A to 2.2 A, the power corresponding to the minimum and 

maximum vdc are 412.8 W and 413.6 W, respectively. The measured average input power 

is 415.8, which indicates the 98.9% MPPT efficiency is achieved. Therefore, when p < 

Pmax, more than 99% MPPT efficiency can be guaranteed due to the low voltage ripple is 

achieved. 

 

pin (200W/div)

io (10A/div)

vdc (20V/div)

Time: 10ms/div

416W

vB (100V/div)

Δvdc = 17.8 V

ipv (2A/div)
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(a) 

 

(b) 

Figure 4.15 MPPT result when p = Pmax. (a) Measured waveforms of  

vdc, ipv, and pin; (b) PV curve when MPP is 420 W. 

4.3.4 Performance Comparisons 

 

Figure 4.16 Measured waveforms when power is decoupled by DC-PPD. 

420 W

Δvdc = 17.8 V
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To demonstrate the superiority of CPD when p < Pac,max, the DC-PPD is 

compared. Figure 4.16 shows the measured waveforms when Gcvc(s) is deactivated, i.e., 

only DC-PPD is active, the dominant ripple component of vdc is 120 Hz and its peak-to-

peak values is 33.5 V, Δvdc% = 9.3 % (> 5%), therefore, a large Cdc is required to reduce 

the ripple voltage. Furthermore, due to the larger DC-Link voltage ripple, the input power 

pulsates at 120 Hz with magnitude is 150 W. The measured input power is 295 W and 

MPPT efficiency is 95%, which indicates less power is derived compared to CPD. 

 

Figure 4.17 Spectrum of Δvdc and io when power is decoupled by DC-PPD. 

Figure 4.17 further compares their spectrum. As shown in Figure 4.17, when 

power is decoupled by DC-PPD, Δvdc has dominant component at 120 Hz and its rms 

value is 10.4 V, the calculated THD of io is 5.67%; when AC-APD is used, the 120 Hz 



61 

 

 

ripple is suppressed to 0.2 V as shown in Figure 4.11.  It should be noted that if the DC-

PPD is used to achieve the ripple of 2 V, the required Cdc is 1300 µF, thus electrolytic 

capacitors are used. Therefore, when p < Pac,max, AC-APD is preferred due its low DC-

Link voltage ripple, lower THDi, and higher MPPT efficiency than DC-PPD. 

To compare the DC-link voltage ripple and the MPPT efficiency, the traditional 

DC-PPD with large capacitors are compared. Table II compared the capacitance when 

Δvdc is 4.2 V (at Pac,max) and 18 V (at Pmax) with different power decoupling methods. 

TABLE II: TOTAL CAPACITANCE OF THREE METHODS 

 Δvdc = 4.2 V @ Pac,max Δvdc = 18 V @ Pmax 

 Cdc C2 Cdc C2 

CPD (261 μF) 125 μF 2·68 μF 125 μF 2·68 μF 

DC-PPD (1120 μF) 1100 μF  20 μF   

DC-PPD (363 μF)   343 μF 20 μF 

 

 
Figure 4.18 Comparison of Δvdc with different decoupling methods. 
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As shown in the Table II, the calculated capacitance are 1120 μF and 363 μF to achieve 

the same Δvdc at Pac,max and Pmax, respectively. In the experiment, 343 μF is used in Cdc. 

Figure 4.18 compares the Δvdc with different methods. When p < Pac,max (310 W), CPD 

has the lowest Δvdc, i.e., CPD with 261 μF has higher MPPT efficiency than DC-PPD 

with 1120 μF. When p = Pmax, CPD has similar Δvdc with DC-PPD (360 μF), however, 

when p < Pmax, CPD has lower Δvdc than DC-PPD (360 μF). 

4.3.5 Nonlinear Load 

To further test the effectiveness of the proposed method, the PV inverter is 

connected to a nonlinear load. In this thesis, a RCD type load which consists of a full-

bridge rectifier built with diodes, a capacitor, and a resistor is used. Figure 4.19 shows the 

steady-state waveforms of vdc, vA, vo and io with the nonlinear RCD load.  

C
R

RCD Load

io

 

(a) 
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(b) 

Figure 4.19 Measured steady-state waveforms with the RCD load. (a) Diagram of RCD 

load; (b) experimental result 

 

As shown in Figure 4.19, io has high nonlinear characteristics, i.e., when vo is less 

than a threshold voltage, io = 0, the power is only delivered through the rectifier when vo 

is higher than the threshold voltage. The measured power is around 150 W, measured 

ripple voltage of the vdc is 4.17 V, it is much less than the calculated 17.6 V, which 

validated the high MPPT efficiency can be achieved under the nonlinear load. 

4.4 Summary 

This chapter presents a composite DC-PPD and AC-APD for a PV inverter 

without adding extra power electronics devices. The novelty of the proposed method is 

that it minimizes the energy buffer and uses simple controller with less measurements 
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than the existing methods. First, the capacitance on both DC and AC side is optimized so 

that the more reliable film capacitors can be used. Then the inverter model derived in the 

d-q frame simplifies controllers’ structure so that traditional PI controllers can be used. 

The proposed power decoupling method is validated on a 420 W prototype PV inverter. 

The experimental results show that the decoupling power can be automatically allocated 

according to the load power under the different conditions, e.g., both steady-state and the 

transient. Meanwhile, the maximum 99% MPPT efficiency and low THD are achieved in 

both linear resistive and nonlinear RCD loads.  
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Chapter 5 : Conclusions and Recommendations for Future 

Work 

5.1 Conclusions and Contributions 

The objective of this thesis research is to develop and implement power 

decoupling method for a single-phase PV inverter. The research work mainly includes:  

the power decoupling implementation in the d-q rotation frame, and power decoupling 

circuit optimization and propose a composite power decoupling method. The details 

conclusions and contributions are listed as follows: 

1) Power decoupling control in d-q frame: The power decoupling control 

algorithm designed in the traditional static frame usually has relative complex 

structure, e.g., proportional resonant (PR) controller, the implementation is 

relatively difficulty. In this work, by modeling the circuit in the d-q rotation 

frame, the model as well as the controller is simplified, then the conventional PI 

controller can be easily derived and implemented in current DSP.   

2) An optimized composite power decoupling method: The proposed composite 

power decoupling method consists of both passive and active power decoupling 

on DC and AC sides, respectively. On one hand, the energy buffer, e.g., 

capacitor for power decoupling, is minimized; on the other hand, the amount of 

power decoupled on DC and AC side is automatically changed to minimize the 

PV voltage ripple so that the maximum MPPT efficiency is achieved.  
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5.2 Recommendations for Future Work 

Recommendations for further research are listed as follows: 

Power decoupling in two-stage PV inverter: the proposed power decoupling 

method is for a single stage PV conversion, for most of applications, two-stage PV 

inverter is used, the power decoupling can be achieved by low and high DC sides and AC 

sides, then the allocation strategy of amount of power decoupled on three sides needs to 

be further developed to optimize the power decoupling. To achieve this, the DC-link 

voltage ripple can be increased to decrease the capacitance. Particularly, the dynamically 

changed voltage ripple on the DC link can mitigate the voltage ripple on the PV side, the 

MPPT efficiency can be guaranteed.  

Power decoupling for grid-connected PV inverter: the proposed method is used 

in the standalone PV system, it regulates the output voltage of the inverter. While most of 

applications are for the grid-connected system, i.e., regulating sinusoidal current, then 

many other issues such as the synchronization and common mode current needs to be 

solved. 
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Appendix 

Optimized capacitance deduction for DC-link  
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Besides, dA achieves the minimum value, dA
’(ωt) = 0 
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The code for decoupling in d-q rotation frame 
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The code for composite power decoupling control  
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Organization of differential and common mode signals 
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