
 

  
Abstract--The paper presents a control methodology for a 

recently proposed single-stage buck-boost type inverter in 
photovoltaic (PV) applications. A wide range of input voltage is 
covered and the dc power is effectively converted into the grid 
power within a single-stage system. However, from the topological 
characteristics, a CL filter is always formed at the system output 
which results in a resonance pole in the control system. In the PV 
system, the panel output voltage keeps varying. Under the 
traditional control method, stability issues may occur, which poses 
a challenge to controller design. Thus, targeting on PV 
applications, a comprehensive control methodology is presented in 
this paper. Under such control scheme, a high quality ac grid 
power is guaranteed and the power conversion maintains in a 
stable manner. Meanwhile, the maximum power point (MPP) of 
PV panels is always tracked and no additional current sensor is 
required in the maximum power point tracking (MPPT) design. In 
this paper, a detailed system analysis is presented which includes 
the system modelling and the stability evaluation. The 
performance of the presented control methodology is 
experimentally verified in a 750 W PV inverter platform. Both 
steady state and dynamic characteristics are in good agreement 
with theoretical knowledge. 
 

Index Terms-- Maximum power point tracking, photovoltaic 
inverter, single-stage buck-boost. 

I.  INTRODUCTION 
ECENTLY, solar energy becomes one of the important 
renewable energy sources in the world which is 

environmentally friendly and is replenished constantly in 
nature. With the use of photovoltaic (PV) inverters [2], [3], 
solar power is able to be effectively transferred from the PV 
panels to the power grid. The generated power is used to support 
the power demand in those localized areas, such as residential 
usages, solar farms and industrial applications. Generally, the 
basic requirements for PV inverters are to achieve highly 
efficient power conversion, low design cost, and low leakage 
current. Thus, in order to simplify the structure of the two-stage 
system and to achieve an efficient power transmission, many 
single-stage PV inverter solutions, [4] - [7], have recently been 
proposed.  

A buck-boost type transformerless inverter is proposed in 
[7], in which the low voltage dc power is able to be converted 
into ac grid power within a single-stage system. The topology 
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Fig. 1. Single-stage buck-boost type inverter. 
 is named as Manitoba Inverter and is shown in Fig. 1. Based 
on the topological characteristics, a CL filter is always formed 
at the inverter output which is similar to other buck-boost type 
inverters connected to an external CL filter. A continuous grid 
current is guaranteed and the system leakage current is 
minimized. However, a phase shift property and a resonance 
characteristic have been generated. In PV applications, the 
panel output remains varied under different environmental 
conditions and even transient steps may occur. Therefore, the 
resonance characteristic has generated a great impact on system 
stability, which makes the design of the system control to 
become more challenging. To maintain a stable performance of 
a PV inverter system, varying types of methodologies were 
presented in the past. In [8], simple PI control is applied. In the 
control scheme, both input and output voltage information are 
always required to calibrate the difference between the buck-
boost inductor current and the output current. Therefore, the 
accuracy of the control is highly dependent on the system 
parameters. In [9], the control method is based on an averaged 
continuous-time model and a feedforward compensation. In 
fact, the compensation circuit helps to eliminate the influence 
of both input and output voltages and allows the system to be 
more robust. However, when the system output filter is 
modified to a CL filter, a more complicated average model is 
resultant. In [10] and [11], one cycle control is adopted into the 
single-state buck-boost type inverter to offer a fast dynamic 
system response. The control structure is simple and no PLL is 
required, but, the possible filter resonance issue cannot be 
compensated in the control and may cause stability problems. 
In [12] and [13], sliding mode control is applied to PV inverter 
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which is another type of non-linear control method. Stable 
performance and good dynamic response can be obtained. The 
determination of the sliding surface is based on the state 
equation of the inverter. So when the output filter order is 
higher, the calculation of the switching criteria becomes more 
complicated. In the reviewed papers, they are not grid-
connected control, which is with a resistive load and is 
paralleled with a capacitor. A continuous current always results 
at the load. However, for grid-connected applications, an output 
filter is required as the large discontinuous current will not be 
accepted in the industry. Due to an additional CL filter is 
presented at the output, a resonance characteristic is produced 
and the system structure is different. To achieve grid-side 
current control, the controller target also needs to be shifted 
from the power inductor to the filter inductor, which is also 
totally different from the reviewed solutions. Therefore, in 
order to support the stability performance of PV applications at 
a wide range of system operating points, a different control 
scheme is required. 

A comprehensive control scheme is proposed in this paper 
to fulfill the high quality grid current and the system stability 
requirement in a single-stage buck-boost type PV inverter, 
which is the extension of the work in [1]. The proposed control 
scheme is focused on PV application and is used to transfer the 
maximum PV power into the grid power within a single-stage 
buck-boost type transformerless converter. In contrast to [7], 1) 
an active damping circuit is designed in the controller to cover 
a wide range of PV panel voltage instead of a single dc voltage 
point optimization; 2) Differently, a maximum power point 
tracking (MPPT) function is integrated in the system as a 
comprehensive control scheme and the trade-off between the 
static and dynamic MPPT efficiencies are studied and 
discussed; 3) In the system design, both inverter and solar 
source performances are considered instead of just care about 
the inverter performance.  

The proposed control scheme focuses on PV systems, 
especially those with fixed installation points. A precise 
switching action and a high quality grid current waveform are 
produced by the current controls in the middle loop and the 
inner loop. An active damping circuit, [14], is integrated into 
the inner loop of the system by using the high frequency (HF) 
voltage ripple information of the filter capacitor. It helps to 
erase the filter resonant pole, and the resulting system is able to 
adopt all the possible voltage inputs. The outer loop is targeted 
on input voltage which is applied to lock the MPP voltage of 
the PV panel. A perturb and observe (P&O) method is adopted 
in the system outer loop and offers the MPPT [15] - [16] 
function. In the implementation, the system output power is 
applied to the MPPT as a power reference, thus, no additional 
current sensor is required at the input of the inverter. 
Furthermore, both dynamic and steady state characteristics are 
determined and are applied to optimize the control system 
design. A 750W inverter platform has been implemented to 
verify the control theory. All the time, the MPP was tracked and 
stable performance was guaranteed in both steady state and 
dynamic situations. All of the experimental results and the 
detailed findings were consistent with the theoretical analysis. 

 
Fig. 2. Gate signals sequence of the buck-boost inverter. 

 
(a) 

   
(b) 

Fig. 3. Equivalent circuit of (a) positive and (b) negative half line cycles. 

II.  SYSTEM CONFIGURATION 

A.  Review of Manitoba Inverter  
Manitoba inverter is a single-stage buck-boost type inverter 

system which is in a simple circuit structure. Every half line 
cycle, the operation of the inverter is able to be converted back 
to a simple buck-boost type converter circuit. The 
corresponding modulation scheme of Manitoba Inverter is 
documented in [7] and is shown in Fig. 2. Accordingly, the 
equivalent circuits of the inverter connecting to a PV array in 
the positive and negative half line cycles are found, and are 
shown in Fig. 3 (a) and (b), respectively.  

In each half line cycle, there is only one semiconductor is 
operated at HF switching and the others are in line frequency 
(LF) operation. During the power conversion, only two 
semiconductors are involved in the main current path. So an 
efficient energy conversion is resultant. From the inverter 
topology, a reconfigurable CL filter is always located at the 
inverter output side. One of the inductors acts as the grid-side 
filter inductor and the other one acts as the converter-side power 
inductor. The roles of the inductor are interchanged in every 
half line cycle. The CL filter is formed by the grid-side inductor 
and a filter capacitor CAB. Accordingly, in the buck-boost 
circuit, the discontinuous output current is filtered out and a low 
noise continuous grid current, iG, is guaranteed. Moreover, the 
filter capacitor helps to claim the voltage ripple between the 
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positive PV terminal and one end of the grid terminal. Thus, the 
system common mode voltage noise is minimized. So a low 
noise system is guaranteed which has been reported in [7]. 

During the positive half line cycle, the buck-boost switching 
cell is formed by switch S1, antiparallel diode of D3 and inductor 
L1. S1 is the only HF switch at this cycle. Switches S4 and SA are 
in LF operation. Both of them are kept ON at this state. S4 is 
used to generate a current return path for the circuit and SA is 
used to link up the connection between the filter capacitor and 
the Line terminal of the grid. L2 inductor acts as the grid-side 
filter inductor and L1 acts as the converter-side power inductor. 
An output CL filter is formed by CAB and L2.  

Similarly, during the negative half line cycle, the buck-boost 
switching cell is formed by switch S2, antiparallel diode of D4 
and inductor L2. S2 is the only HF switch at this cycle. Switches 
S3 and SB are in LF operation. Both of them are kept ON at this 
state. S3 is used to generate a current return path for the circuit 
and SB is used to link up the connection between the filter 
capacitor and the Neutral terminal of the grid. L1 inductor acts 
as the grid-side filter inductor and L2 acts as the converter-side 
power inductor. An output CL filter is formed by CAB and L1. 

B.  Proposed Control Methodology  
Targeted on a single-stage buck-boost type PV inverter 

system, a comprehensive control is proposed. A block diagram 
of the corresponding control method is shown in Fig. 4. In the 
design, the outer loop is a PV voltage control loop that is 
integrated with an MPPT controller. So that the inverter input 
is always regulated to the MPP. The middle one is a grid-side 
current control which is applied to maintain the quality of the 
inverter output current. The inner one is an inductor-side 
current control plus an active damping circuit. It is used to 
handle the power conversion on the system. On the controller 
implementation, a set of voltage sensors is applied to the system 
which is used to sense the PV output voltage, vPV, the grid 
voltage, vG, and the filter capacitor voltage, vC. In addition, a set 
of current sensors is required which is used to sense the inductor 
currents, iL1 and iL2.  

In the outer loop, it is a PV output voltage control which is 
combined by a simple proportional integral (PI) control and an 
MPPT method. The control reference in the outer loop is 
generated from the MPPT function. A P&O method is adopted 
in the design where the inverter output power and PV voltage 
are used to track the MPP from the non-linear characteristic of 
PV panel. A small voltage step is given in every tracking 
process. If the increment of the average power is in the same 
direction as the given voltage step, then another voltage step is 
given until the power level falls or remains stable. As the 
inverter output power is applied to the MPPT block, no extra 
current sensor is required on the system design. The 
corresponding program flow is shown in Fig. 5. Based on the 
reference voltage from the P&O, a simple PI control is applied 
to regulate the inverter input to the MPP. Thus, all the time, the 
maximum power is extracted from the PV panel and the inverter 
system is kept with a stable input. The output of the voltage 
control is a grid-side current reference, iG,ref, which is the input 
of the middle loop of the system. 

 
Fig. 4. Block diagram of the presented control methodology. 

 
Fig. 5. Logic flow of P&O control block. 

In the middle and the inner loops of the system, a double 
current control method is applied where both grid-side and 
converter-side inductor currents are under controlled. The grid-
side inductor current is controlled through the middle loop and 
the converter-side inductor current is controlled by the inner 
loop. The grid-side and converter-side current information are 
able to be generated from the two inductor current sensors. The 
roles of both inductors are interchanged in every half line cycle. 
Therefore, by combining current information in iL2 at the 
positive half line cycle and the current information in iL1 at the 
negative half line cycle, the grid-side current information is 
generated. Similarly, through the current information in iL1 at 
the positive half line cycle and the current information in iL2 at 
the negative half line cycle, the converter-side current 
information is generated. The detail is shown in Fig. 4 and the 
corresponding waveform is shown in Fig. 2. The middle loop is 
a grid-side current control which is implemented by a PI 
control. It is used to compensate the phase shift generated by 
the CL filter and to control the power factor of the system output 
close to one. Thus, a high quality output waveform is resultant. 
The output of the middle loop is a converter-side inductor 
current reference, iL,ref, which is the input of the inner loop.  

The inner loop is a converter-side inductor current control 
which is used to offer a precise switching action for the inverter 
and to avoid the filter resonance in the system. Based on the 
system operation, a resonant pole is created by the CL filter. In 
a general fixed input voltage design, the stability issue that 
generated from the resonant pole can be avoided through a 
careful design in the system control bandwidth. However, in a 
condition is always varying with time. Thus, system stability 
becomes challenging to ensure. In the design, an active 
damping circuit is integrated into the PI current control loop PV 
system, the panel output is non-linear and the system where the 
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capacitor ripple voltage is applied as a damping factor  [14]. 
Accordingly, its performance is similar to a resistor virtually 
series connecting to the converter-side inductor. The output of 
the converter-side inductor current control loop is a duty cycle 
reference, uref. Through the comparison with the sawtooth 
signal, the control signals of the HF switch are generated. All 
the time, only one switch is under HF operation and the others 
are in LF operation. The whole controller design is maintained 
in a simple structure.  

In the reconfigurable filter circuit, the switching action of SA 
and SB are controlled by a polarity detection circuit. By sensing 
the signal of vG, SA and SB are switched alternatively and are 
synchronized with LF operation. In the positive half line cycle, 
SA is conducted and SB is off. In contrast, on the negative half 
line cycle, the switching action is opposite. Thus, during the 
system operation, a CL filter is always formed at the inverter 
output. At the same time, the grid current remains continuous 
and has a low current ripple on top. 

III.  SYSTEM MODELLING 

A.  Review of PV Panel Model  
The overall system model can be separated into two parts, 

which are the modelling of PV panel and the modelling of 
inverter system. Referring to [17], a single diode equivalent 
circuit is applied to simulate the performance of a PV panel. 
The characteristic of PV panel is modelled as, 

𝐼𝐼PV = 𝐼𝐼ph − 𝐼𝐼0 ∙ �𝑒𝑒
𝑉𝑉PV+𝐼𝐼PV∙𝑅𝑅S

𝑁𝑁s∙𝑉𝑉T − 1� − 𝑉𝑉PV+𝐼𝐼PV∙𝑅𝑅S
𝑅𝑅SH

,    (1) 

where 𝐼𝐼PV is current of panel output, 𝐼𝐼ph is photogenerated 
current, 𝐼𝐼0 is diode saturation current, 𝑁𝑁s is number of series 
cell,  𝑅𝑅SH is the shunt resistance in the PV model, 𝑅𝑅S is the series 
resistance in the PV model and 𝑉𝑉T is temperature coefficient.  

Through Lambert function [18], (1) is reformulated to, 
  𝐼𝐼PV = 𝑅𝑅TH

𝑅𝑅S
∙ �𝐼𝐼TH −

𝑉𝑉PV
𝑅𝑅SH

� −     

     𝑁𝑁s∙𝑉𝑉𝑇𝑇
𝑅𝑅S

∙ 𝑊𝑊(𝐼𝐼0∙𝑅𝑅TH
𝑁𝑁s∙𝑉𝑉𝑇𝑇

∙ 𝑒𝑒
1

𝑁𝑁s∙𝑉𝑉𝑇𝑇
�𝑉𝑉PV∙�1−

𝑅𝑅TH
𝑅𝑅SH

�+𝐼𝐼TH∙𝑅𝑅TH�),      (2) 

where 𝐼𝐼TH equals 𝐼𝐼ph + 𝐼𝐼0 and 𝑅𝑅TH equals 
𝑅𝑅SH∙𝑅𝑅S

𝑅𝑅SH+𝑅𝑅S
.  

As shown in (1) and (2), the PV panel output characteristic 
is in a non-linear behavior and is depended on the sun radiation 
and environment temperature. Referred to the PV simulator 
characteristic, the corresponding series and shunt resistances 
are 0.81 ohms and 410 ohms, respectively. 

B.  Inverter System Model 
The applied inverter is a single stage system. It has a 

symmetrical system structure in the positive and the negative 

half line cycles. Thus, with the used of positive half line cycle 
information is sufficient to develop the whole converter system 
model. In the positive line cycle, L2 acts as a grid-side inductor 
which handles the grid current, iG. In addition, L1 becomes the 
converter-side inductor and the current flowing on top is 
defined as iL. In the design, all the inductors are set to the same 
value. Such that L1 is equal to L2 and is grouped as LX.  

As shown in Fig. 3 (a), when S1 is ON, the converter-side 
inductor is charging. When S2 is OFF, the energy in the 
converter-side inductor is transferred to the grid. By combining 
the on-state and the off-state system conditions, a set of state-
space averaging equations is formed and is shown as,   
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where 𝐷𝐷 is duty cycle of the system.  

C.  System Small Signal Model 
In the system stability evaluation, small signal analysis 

method is applied. From Fig. 4, a corresponding small signal 
model of the system is determined and is given in Fig. 6. 

From the PV panel portion, by considering ∆𝑣𝑣pv(𝑡𝑡) 
and ∆𝑖𝑖pv(𝑡𝑡) as the small-signal perturbations of 𝑣𝑣pv and 𝑖𝑖pv in 
the small signal analysis model, (1) is rearranged. Through 
small signal approximation method, [19], the small-signal 
perturbation equation of the PV characteristic is found as, 

∆𝑖𝑖pv = −
𝐼𝐼0

𝑁𝑁s∙𝑉𝑉T
∙𝑒𝑒
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where 𝑋𝑋PV is defined as 
𝐼𝐼0
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. 

As shown in (2),  ∆𝑣𝑣pv is directly proportional to ∆𝑖𝑖pv which 
is matched with the PV characteristic curve.  

From the inverter system portion, by considering ∆𝑣𝑣CAB(𝑡𝑡), 
∆𝑣𝑣pv(𝑡𝑡), ∆𝑖𝑖𝑙𝑙(𝑡𝑡), ∆𝑖𝑖g(𝑡𝑡) and ∆𝑑𝑑 as the small-signal perturbations 
of 𝑣𝑣CAB, 𝑣𝑣pv, 𝑖𝑖L, 𝑖𝑖G and 𝐷𝐷 respectively in the small signal 
analysis model, (3) is able to be rearranged into a set of small-
signal perturbations equations, (5) – (8), as, 
𝐿𝐿X ∙ 𝑠𝑠 ∙ ∆𝑖𝑖𝑙𝑙 = (𝑉𝑉PV + 𝑉𝑉CAB) ∙ ∆𝑑𝑑 + 𝐷𝐷 ∙ ∆𝑣𝑣pv − 𝐷𝐷′ ∙ ∆𝑣𝑣CAB,   (5) 

 𝐿𝐿X ∙ s ∙ ∆𝑖𝑖g = ∆𝑣𝑣CAB,      (6) 
 𝐶𝐶IN ∙ s ∙ ∆𝑣𝑣pv = −𝑋𝑋PV ∙ ∆𝑣𝑣pv − 𝑖𝑖L ∙ ∆𝑑𝑑 − 𝐷𝐷 ∙ ∆𝑖𝑖l,     (7) 

𝐶𝐶AB ∙ s ∙ ∆𝑣𝑣CAB = 𝐷𝐷′ ∙ ∆𝑖𝑖𝑙𝑙 − 𝑖𝑖L ∙ ∆𝑑𝑑 − ∆𝑖𝑖g,       (8) 

 
Fig. 6. Controller small signal flow diagram. 
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where  𝐷𝐷′ = 1 − 𝐷𝐷.  
From (4), (5) – (8), the relationship of the inverter is able to 

found. In the derivation, the influence of ∆𝑖𝑖pv can be eliminated 
as the scale of 𝑋𝑋PV is relatively small compared to other 
parameters. The converter models are developed as, 

𝐺𝐺inv,L(𝑠𝑠) = 𝐶𝐶AB∙𝐶𝐶IN∙𝐿𝐿2∙𝑉𝑉X∙𝑠𝑠3+𝐿𝐿X∙(𝐼𝐼G∙𝐶𝐶IN−𝐼𝐼PV∙𝐶𝐶AB)𝑠𝑠2+𝑉𝑉X∙𝐶𝐶IN∙𝑠𝑠−𝐼𝐼PV
−𝐶𝐶IN∙𝐿𝐿2∙𝐼𝐼PV/𝐷𝐷∙𝑠𝑠2+𝑉𝑉X∙𝐶𝐶IN∙𝐷𝐷′∙𝑠𝑠−𝐼𝐼PV

,      

 (9) 
𝐺𝐺inv,G(𝑠𝑠) = −𝐶𝐶IN∙𝐿𝐿2∙𝐼𝐼PV/𝐷𝐷∙𝑠𝑠2+𝑉𝑉X∙𝐶𝐶IN∙𝐷𝐷′∙𝑠𝑠−𝐼𝐼PV

𝐶𝐶AB∙𝐶𝐶IN∙𝐿𝐿x2∙𝑠𝑠4+𝐿𝐿X∙(𝐶𝐶IN+𝐷𝐷2∙𝐶𝐶AB+𝐷𝐷′2∙𝐶𝐶IN)𝑠𝑠2+𝐷𝐷2
,  (10) 

where  𝑉𝑉X equals to sum of dc and ac voltage.  
As shown in (9) and (10), since the presence of a filter 

capacitor and a grid-side inductor, more pole and zero are added 
into the system. A resonant point is induced and it makes the 
controller design to be challenging. 

In the proposed control methodology, an active damping is 
inserted into the inner loop of the system. The capacitor ripple 
voltage is applied as the damping factor. KD is the damping 
coefficient. In the inner loop, considering the effect of the 
damping system, the relationship between the duty ratio and the 
converter-side inductor current, 𝐺𝐺inv,D, is found as, 

𝐺𝐺inv,D(𝑠𝑠) = ∆𝑖𝑖l
∆𝑑𝑑

= 𝐺𝐺inv,L(𝑠𝑠)∙𝐺𝐺inv,G(𝑠𝑠)

1−𝐾𝐾D.𝐾𝐾PWM.𝐿𝐿X.𝑠𝑠.𝐺𝐺inv,G(𝑠𝑠)
,        (11) 

which is rearranged to (12). 
From (12), it shows that the effect of the active damping 

circuit is concentrated on the denominator of the transfer 
function. With the help of the active damping circuit, the 
influence from the resonance characteristic is eliminated. 
Through the Routh-Hurwitz stability criterion, the range of the 
damping ratio,  𝐾𝐾D, is given as,  

0 < 𝐾𝐾D < (1+𝐷𝐷′2)∙𝐶𝐶IN+𝐷𝐷2∙𝐶𝐶AB
𝐾𝐾PWM.𝑉𝑉X∙𝐶𝐶IN∙𝐷𝐷′

.              (13) 
For overall transfer function of the system inner loop is 

calculated as,  
𝐺𝐺inner(𝑠𝑠) = 𝐾𝐾PWM.𝐺𝐺inv,D(𝑠𝑠).𝑃𝑃𝐼𝐼L(𝑠𝑠).             (14) 

Accordingly, the overall transfer function of the system 
middle loop is formed as,  

𝐺𝐺middle(𝑠𝑠) = 𝐺𝐺inner(𝑠𝑠)
𝐺𝐺inv,L(𝑠𝑠)∙(1+𝐺𝐺inner(𝑠𝑠))

∙ 𝐾𝐾G,ref ∙ 𝑃𝑃𝐼𝐼G(𝑠𝑠).     (15) 

For the outer loop model, the system power equation is 
applied and is listed as,  

𝑝𝑝PV = 𝑣𝑣PV ∙ 𝑖𝑖PV = 1
2
∙ 𝐶𝐶IN

𝑑𝑑𝑣𝑣PV2

𝑑𝑑𝑑𝑑
+ 𝑣𝑣G ∙ 𝑖𝑖G.            (16) 

By considering ∆𝑝𝑝PV(𝑡𝑡), ∆𝑣𝑣PV(𝑡𝑡), ∆𝑖𝑖PV(𝑡𝑡) and ∆𝑖𝑖G(𝑡𝑡) as the 
small-signal perturbations of 𝑝𝑝pv, 𝑣𝑣pv, 𝑖𝑖pv an 𝑖𝑖G in the small 
signal analysis model, the relationship between the input and 
output sides can be found as, 

𝐺𝐺inv,V(𝑠𝑠) = ∆𝑣𝑣pv
∆𝑖𝑖g

= 𝑉𝑉G
𝐼𝐼pv−𝑋𝑋pv∙𝑉𝑉pv−𝑠𝑠∙𝐶𝐶IN∙𝑉𝑉pv

,         (17) 

𝐺𝐺PO(𝑠𝑠) = ∆𝑣𝑣pv
∆𝑝𝑝g

= 1
𝐼𝐼pv−𝑋𝑋pv∙𝑉𝑉pv−𝑠𝑠∙𝐶𝐶IN∙𝑉𝑉pv

.     (18) 

From (18), it shows that the input capacitor dominates the 
performance of the outer loop. The higher in capacitance value, 
the lower controller bandwidth is obtained. 

 

 
Fig. 7. Bode plot of the relationship between duty cycle and grid current. 

 
Fig. 8. Bode plot of the inner loop with different damping ratios. 

IV.  SYSTEM PERFORMANCE EVALUATION 

A.  Stability Analysis 
From the determined system models, the relationship of each 

individual loops is found. Thus, the Bode plot is applied to 
evaluate the system stability. Due to the presence of the CL 
filter in the system, the system stability issue becomes a concern 
and it increases the difficulty in the controller design. The 
frequency response of (10) is given in Fig. 7, which represents 
the system response under a single grid-side current loop 
control. As shown in the figure, a resonant point appears at 2.8 
kHz together with a 180 degree phase change. At that point, a  
complex resonant pole occurs and the system gain margin point 
is located. Under traditional PI control method, the system 
would not meet the stability margin in the plot. Therefore, a 
different control method is proposed in this paper to handle the 
new circuit characteristic.  

In the presented control strategy, the system inner loop is a 
converter-side inductor current control and a capacitor voltage 
damping circuit. The effect of the damping circuit in the inner 
loop is shown in Fig. 8. When the system doesn’t have any 
damping factor, high resonance peak and large phase change 
occur at that frequency point. At each operation point, the 

KD= 0.001
KD= 0

KD= 0.004

KD= 0.002

KD= 0.001
KD= 0

KD= 0.004
KD= 0.002

𝐺𝐺inv,D(𝑠𝑠) = 𝐶𝐶AB∙𝐶𝐶IN∙𝐿𝐿X∙𝑉𝑉X∙𝑠𝑠3+𝐿𝐿X∙(𝐼𝐼G∙𝐶𝐶IN−𝐼𝐼PV∙𝐶𝐶AB)𝑠𝑠2+𝑉𝑉X∙𝐶𝐶IN∙𝑠𝑠−𝐼𝐼PV
�𝐶𝐶AB∙𝐶𝐶IN∙𝐿𝐿x2∙𝑠𝑠4+𝐿𝐿X∙(𝐶𝐶IN+𝐷𝐷2∙𝐶𝐶AB+𝐷𝐷′2∙𝐶𝐶IN)𝑠𝑠2+𝐷𝐷2�+𝐾𝐾D.𝐾𝐾PWM.𝐿𝐿X.𝑠𝑠.(𝐶𝐶IN∙𝐿𝐿2∙

𝐼𝐼PV
𝐷𝐷 ∙𝑠𝑠2−𝑉𝑉X∙𝐶𝐶IN∙𝐷𝐷′∙𝑠𝑠+𝐼𝐼PV)

.        (12) 
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Fig. 9. Bode plot of (a) converter-side inductor current loop, (b) grid-side 
inductor current loop and (c) input voltage loop. 

possible PI parameter is varying and very narrow in the 
selection range. Therefore, at the light load situation or low PV 
voltage situation, the system phase margin can’t satisfy in the 
design under the same set of control parameters at the full load 
situation. Differently, once the damping factor is added, the 
resonance peak is reduced and a smooth phase change appears. 
Larger in the value of KD, a smaller resonance peak amplitude 
can be obtained. Therefore, a stable system is able to be realized 
under the proposed control method.  

 
Fig. 10. System performance under different input capacitor values. 

The Bode plot of the presented control methodology is 
shown in Fig. 9 where the converter-side inductor current loop, 
grid-side inductor current loop, and input voltage loop are 
plotted in Fig. 9 (a), (b) and (c) respectively. In the presented 
methodology, both converter-side inductor current and the grid-
side inductor current are also under controlled separately. The 
converter-side inductor current loop is the fastest loop which 
controls the switching action of the converter. The input voltage 
loop is the lowest in response. The inner loop bandwidth is set 
to 5 to 10 times lower than the target switching frequency. 
Meanwhile, each loop bandwidth is also set to 5 to 10 times 
different from each other to avoid the loop inference. Also, the 
system phase margin keeps higher than 45 degrees and a 
positive phase margin is kept at all the test cases. The influence 
of irradiance change is demonstrated through the Bode plot 
diagram in Fig. 9. The influence is mainly reflected in the 
stability of the inner loop of the system, but it is not significant 
in other loops. As shown in Fig. 9 (a), when the irradiance is 
dropped, the phase margin for the inner loop is reduced and the 
resonant pole magnitude is increased. If the design margin and 
the damping factor are not enough, at the low irradiance 
situation, the phase margin may drop below 45 degrees and a 
positive magnitude appears in the resonant pole. Thus an 
unstable situation occurred. Under the proposed control 
scheme, all the loops are unaffected by the resonant issue and 
provide a stable inverter performance. Thus, stable system 
operation can be always guaranteed. 

B.  System MPPT Efficiency 
The MPP tracking efficiency is used to indicate the 

relationship between the panel output power and the maximum 
available power from the panel. The system tracking 
performance is mainly depended on the input capacitor value 
and the loop bandwidth of the outer loop. Two different types 
of tracking efficiency are involved, which are static and 
dynamic MPPT efficiencies. According to [20], the formula of 
the static MPPT efficiency can be determined as, 

        𝜂𝜂static = 1
𝑛𝑛∙𝑃𝑃peak

∙ �∑ 𝑖𝑖PV(𝑘𝑘∙2𝑇𝑇
𝑛𝑛

) ∙ 𝑣𝑣PV �
𝑘𝑘∙2𝑇𝑇
𝑛𝑛
�𝑛𝑛

𝑘𝑘=1 �, (19) 

where 𝑃𝑃peak is the maximum available power from the PV 
panels under a fixed irradiation situation. 

Meanwhile, the formula of the dynamic MPPT efficiency is, 

        𝜂𝜂dynamic = ∫ 𝑖𝑖PV(𝑑𝑑)∙𝑣𝑣PV(𝑑𝑑)𝑑𝑑𝑑𝑑𝑇𝑇s
0

∫ 𝑝𝑝peak(𝑑𝑑)𝑑𝑑𝑑𝑑𝑇𝑇s
0

,      (20) 

fC= 1.8 kHz

PM = 45̊ 

fC=170 Hz

PM =89̊ 

GM =8 dB

fC=21.7 Hz

PM =170  

GM =72 dB



 

where  𝑇𝑇s is a dynamic period defined in [20] and 𝑝𝑝peak is the 
offered maximum available power from the PV panels during 
the dynamic period. 

V.  EXPERIMENTAL VERIFICATION 
A 750W grid-connected buck-boost type PV inverter 

(Manitoba Inverter) prototype, as shown in Fig. 11, has been 
implemented for system verification. A set of experimental 
results is shown in Fig. 12 and Fig. 13. In the evaluation, a solar 
array simulator, Chroma 62050H-600S, was applied as the 
inverter source. It used to simulate PV panels with series 
connection structures and voltages in the range of 200 Vdc. The 
output of the inverter was directly connecting to a 120 Vac grid. 

Specification of the prototype and the key parameters of the 
simulator setup are given in TABLE I. Accordingly, the 
corresponding PV characteristic is shown in Fig. 14 (a) with the 
used of a P-V curve where the MPP is located at 100 Vdc. The 
corresponding MPP current is 7.5 A. Similarly when the MPP 
point is shifted 200 Vdc, another P-V curve is generated which 
is shown in Fig. 14 (b). The corresponding MPP current is 3.75 
A. The output of the PV panel was in a non-linear characteristic. 
When the irradiation was 1000 W/m2, the full rated power was 
expected to be 750 W.  

TABLE I Specification of the PV Simulator at 100 Vdc with 1000 W/m2 
and of the inverter prototype. 

 
Simulator 

Parameter MPP 
Power 

MPP 
Voltage 

MPP 
Current 

Open 
Circuit 
Voltage 

Short 
Circuit 
Current 

Value 750 W 100 V 7.5 A 121.18 V 8.087 A 
 

Prototype 
Parameter Grid 

Frequency 
Grid 

Voltage 
Switching 
Frequency 

Inductors 
(L1 & L2) 

Capacitor 
(CAB) 

Value 60 Hz 120 Vac 20 kHz 780 µH 5.6 µF 

In Fig. 12 (a), a steady state performance is demonstrated 
under 1000W/m2 irradiation and with 100 Vdc input. Under the 
presented control methodology, the system was stabilized at the 
MPP voltage point. Also, a continuous and sinusoidal grid 
current was resultant. According to the inverter operation 
principle, both inductor currents were different in each half line 
cycle. In the positive half line cycle, L1 acted as the converter-
side inductor which was used for the power conversion. In the 
negative half line cycle, L1 acted as the grid-side inductor which 
was used to filter the HF grid current ripple. As a result, the 
shape and the magnitude of iL1 were different in each half line 
cycle. Meanwhile, in Fig. 12 (b), it shows the importance of the 
damping circuit. When the damping coefficient was dropped to 
0.002, the inner loop stability was affected. As mentioned in 
Section IV, when the damping coefficient was not enough, the 
magnitude gain at the resonance point became positive. Thus, 
the system stability was affected. Other than 100 Vdc MPP 
voltage, the inverter also performed stable at different input 
voltage points. In Fig. 13, the steady state waveform of the 
inverter are demonstrated at 200 Vdc input, respectively. Stable 
system performance was obtained and a sinusoidal grid current 
was achieved. From the test results, they showed that all 
targeted control objectives were met and there were no unstable 
situations. 

 
Fig. 11. Experimental test setup. 

 
(a) 

 
(b) 

Fig. 12. Steady state waveform at 100 Vdc PV input and 1000 W/m2 with a, 
(a) 0.004 and (b) 0.002 damping coefficients. 

 
Fig. 13. Steady state waveform at 1000 W/m2 with 200 Vdc PV input. 

TABLE II Summary table of the system MPPT efficiencies. 

MPP Voltage (Vdc) Static MPPT 
Efficiency (%) 

Dynamic MPPT 
Efficiency (%) 

100 98.5 98.1 
200 99.9 99.4 
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Fig. 14. PV characteristic, (a) at 100 Vdc and (b) 200 Vdc PV input. 

  
Fig. 15. Dynamic MPPT test under EN50530 with 100 Vdc PV input. 

 
Fig. 16.  Leakage current measurement at 1000 W/m2 with 100 Vdc PV input. 

 
Fig. 17.  Output current harmonic spectrum at 1000 W/m2 with 100 Vdc PV 
input. 

 
(a) 

 
(b) 

Fig. 18. Waveform of transient operation from 1000 W/m2 to 500 W/m2 at (a) 
100 Vdc and (b) 200 Vdc PV inputs. 

The function of the MPPT is shown in Fig. 14. During the 
steady state, the system was able to stabilize at the MPP voltage 
point and to collect the maximum available power from the PV 
panel. During the tracking, when the system voltage fell in the 
left part of the MPP voltage point, the reference voltage would 
be increased to track back the MPP. In contrast, the reference 
voltage would also be reduced when the system voltage fell in 
the right part of the MPP voltage point according to the 
implemented tracking function. As shown in Fig. 14 (a), the 
system static MPPT efficiency at 100 Vdc MPP voltage is kept 
higher than 98.5 %. According to EN50530 [20], a dynamic 
sequence was applied to the PV simulator through the 
programming software. The dynamic MPPT test pattern and the 
100 Vdc test result are shown in Fig. 15. From the simulator, 
the measured system dynamic MPPT efficiency was 98.1%. 
Similarly, at 200 Vdc MPP voltage test case, both dynamic and 
static MPPT efficiencies were measured and both were kept 
higher than 99.4%. A summarized table of the system MPPT 
efficiencies is given in TABLE II. As a result, an efficient PV 
inverter system is able to be guaranteed.  

In the designed inverter, the highest inductor current peak 
appeared at 1000 W/m2 with 100 Vdc PV input voltage, and the 
current amplitude between the converter-side and the grid-side 
inductors was the largest. That was also the maximum leakage 
current point of the platform. Accordingly, the corresponding 
leakage current performance is measured and is shown in Fig. 
16, where a 100 nF capacitor is added into the system to 
simulate the effect of the parasitic capacitor. The connection 
method was with the same structure as shown in Fig. 3. The 
voltage between the Neutral of the grid and the negative bus 
voltage was measured and used to represent the common mode 
(CM) noise voltage of the system. The current that flowed 
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through the parasitic capacitor was defined as the leakage 
current. From the result, it shows that the high frequency ripple 
on the CM noise voltage was maintained in a relatively small 
value and a low leakage current was resultant. In the design, the 
resultant leakage current was always kept within the 300 mA 
range, which was accepted by the industrial requirement [21]. 
Thus, a low leakage current performance was guaranteed in this 
inverter design. Meanwhile, under the proposed control 
scheme, the system power factor always maintained higher than 
0.98. All the time, the grid current THD was within 5% under 
IEEE 519 [22]. The current harmonic spectrum of Fig. 14 (a) is 
shown in Fig. 17 and the corresponding current THD was 
4.22%. The IEEE 519 class A standard requirement was applied 
and all the sub-harmonic contents were under the corresponding 
limitation line. Thus, a high power quality system was proved. 

In Fig. 18, a set of transient waveforms of the presented 
system is demonstrated. In Fig. 18 (a), the MPP voltage was 
fixed at 100 Vdc, the irradiation was dropped from 1000 W/m2 
to 500 W/m2. From the result, it showed that after a step change 
in irradiation, the system was able to recover back to the MPP 
in a short period of time and to maintain a stable performance 
during the transient process. The response time was mainly 
depending on the size of the input capacitor and the tracking 
speed of the outer loop. Similarly, in Fig. 18 (b), the irradiation 
was dropped from 1000 W/m2 to 500 W/m2 at 200 Vdc. From 
the result, it showed that after a step change in irradiation, the 
system was also maintained a stable performance during the 
transient process. Moreover, the system was recovered to the 
MPP in a short period of time and the new MPP voltage was 
tracked correctly. In both test cases, it took around 120 ms to 
track back the MPP, in which the tracking speed was limited by 
the bandwidth of the voltage control loop and the size of the 
input capacitor. Under the proposed control scheme, it offered 
a high quality output current to the grid, kept tracking the MPP 
at the input and let the inverter to operate stably in any situation. 
Thus, the advantages of the inverter topology are maximized in 
PV applications. 

VI.  CONCLUSIONS 
The paper has presented a comprehensive control strategy 

for a recently proposed single-phase single-stage 
transformerless buck-boost type PV inverter system. The 
system design and the detailed system modelling were given in 
this paper. Under the proposed control scheme, the PV inverter 
was able to effectively transfer the maximum available solar 
power into the grid, maintained the system grid current in high 
quality. Also, such proposed control scheme improved the 
system stability and let the system able to adopt all the possible 
outputs from the PV panel. The performance of the PV inverter 
system and control methodology were demonstrated with the 
experimental results. A 750W grid-connected PV prototype has 
been implemented. Stable performance was able to be obtained 
in both steady state conditions and transient responses. All the 
experimental results were consistent with the theoretical 
concepts.  
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