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Manitoba Inverter — Single Phase Single-Stage
Buck-Boost VSI Topology

Carl Ngai Man Ho, and Ken King Man Siu

Abstract— The paper presents a new transformerless single-phase single-stage buck-boost grid-connected
voltage source inverter (VSI) topology. The topology can achieve efficient power conversion with a wide
input voltage range, number of magnetic devices reduction and low leakage current. The proposed VSI
topology consists of high frequency semiconductors for shaping inductor currents, and low frequency
semiconductors to form grid CL filter structure for different conditions. This CL filter uses the same buck-
boost inductor, thus no additional line frequency inductor is required. Besides, Common Mode (CM) voltage,
a main problem of transformerless grid-connected VSI, is mitigated, since the capacitor in the CL filter clamps
the voltage between the grid and the bus terminal. The performance of the proposed VSI is experimentally
verified. The results show that the proposed VSI guarantees sinusoidal output current and wide input voltage

range, and has a good agreement with the theoretical findings.

Keywords— VSI, Buck-Boost, AVG, Common mode, Filter.



I. INTRODUCTION

Technology of single-phase (1-phase) grid-connected Voltage Source Inverter (VSI) has been rapidly
developed in the last decade associates to the product development of uninterrupted power supply (UPS) [1] -
[2], Photovoltaic (PV) inverter [3] and regenerative motor drive [4]. Advanced topology facilitates the
increments of system efficiency and power density which leads researchers and engineers to propose and
develop novel topologies. As well as efficiency and power density, material cost is another critical performance
index to be minimized particular in low power products. Thus, topology is the fundamental component of a
VSI to achieve optimal performance. And it is also the key to satisfy industrial standards for Power Electronics

products.

Particularly for 1-phase transformerless PV inverters technology, most of low rated power (e.g. 1kW,
120V) PV inverters on the market are using two power stages, a dc-dc MPPT tracker and a VSI such as shown
in the upper diagram of Fig. 1. Since output voltage of PV panel (e.g. 70V — 200V) in that low power range is
sometimes not high enough to be over the peak value of grid voltage (e.g. 170V) [5]-[6]. It typically requires a
boost converter to step up the voltage in a DC link (e.g. 250V - 400V) for a buck-type VSI to deliver power to
the gird. Although the two-stage structure is straight forward for controller design and power processing, it is
inefficient and bulky, as requiring two high frequency (HF) switching power stages to process the conversion.
Besides, leakage current, which is led by HF Common Mode (CM) voltage, is generated if the topology or the
modulation is not specifically designed for PV systems. Notice that leakage current is limited by industrial
standards [7]-[8] due to safety and reliability issues. Therefore, some VSI topologies as second power stage in
a transformerless 1-phase PV inverter have been proposed based on a buck-type full bridge inverter mainly for
providing efficient switching and the leakage current reduction, such as H5 [9], Heric [10] and Active Virtual
Ground (AVG) [11]. However the drawbacks are that they require more semiconductors in the circuit to
disconnect or bypass the HF CM current path during the switching process. Although they solved the CM

current problem, cost increases and the system efficiency are influenced, especially operating in a two-stage



power processing. Thus, single power stage topologies become attractive for low power transformerless

products.
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Fig. 1 Typical power inverter sturctures with a variable and low input dc voltage.
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Fig. 2 Input and output voltages of a inverter and its operating modes.
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Fig. 3 The piror-arts of transformerless buck-boost inverter, (a) [5], (b) [14], (c) [18], (d) [19] and (e) [20].



TABLE | SUMMARIZE NUMBER OF SEMICONDUCTOR DEVICES AND PASSIVE COMPONENTS INVOLVED IN THE

TOPOLOGIES
No. of components in the circuit No. of operating semiconductors
Topologi
opologies LF HF HF External Inductor DC Filter | Conductinginthe | Switching at
Switch | Switch Diode Cap Cap main current path | the same time
Fig. 3a [5] 2 4 1 3 1 1 4 3
Fig. 3b [14] 4 2 1 2 0 1 3 1
Fig. 3c [18] 2 2 2 3 0 1 2 1
Fig. 3d [19] 0 4 0 3 0 2 2 2
Fig. 3e [20] 2 2 2 3 0 1 2 1
Fig. 4
(proposed) 4 2 0 2 0 1 2 1

A single power stage PV inverter requires a buck-boost-type dc-ac inverter such as shown in the bottom
diagram in Fig. 1. A typical input and output voltage waveform is shown in Fig. 2. It shows that the inverter
operates as buck mode when the input voltage is higher than the grid voltage and as boost mode when they are
opposite. It creates challenges for designing a single stage inverter which can operate in the modes and satisfy
the mentioned industrial standards at the same time. Fig. 3 shows some prior-art solutions including dual-stage
and single-stage power processing. A summary of components count is shown in Table | which is used to
indicate the major difference between those reviewed topologies. In Fig. 3 (a), itis a typical dual-stage topology
[5], it requires a boost converter to create a high voltage dc link and uses a high frequency buck-type inverter,
such as H5, Heric and AVG, to inject the power to the grid. There are two high frequency power stages in the
system, high switching loss and high conduction loss are expected. There is another topology which is a time-
sharing cascaded dual mode inverter [12] - [13]. On top of [5], a bypass diode is adding into the circuit which
links up the DC input and the DC bus together. Based on the output voltage level, either boost conversion or
buck conversion is applied. With the time-sharing technique, the number of high frequency switches are less
in each half line cycle operation. The size of the DC link capacitor is reduced. However, the conduction loss is
kept in a high magnitude as at least three semiconductors in the current path. Fig. 3 (b) shows a buck-boost
converter with an unfolding inverter [14] - [15]. The buck-boost converter creates a rectified sinewave voltage

across the filter capacitor and uses a line frequency inverter to convert it to a sinewave. Although only two high



frequency components are required, high conduction loss is created as three semiconductors in the current path.
Sometimes a diode is in series to the switch in the line frequency inverter to ensure the reliability, it will
furtherly increase to five semiconductors in the current path [16], [17]. In Fig. 3 (c), it consists of two individual
buck-boost cells [18]. When the grid is in positive high cycle, switch S1 is at high frequency switching with
freewheeling diode D4. The disadvantage is that it has at least two power semiconductors, e.g. S3 and S1, in
the current path which will increase conduction losses of the converter. In Fig. 3 (d), it uses two boost converters
to create two capacitor voltages and the difference of the converters makes sinusoidal output voltage and current
[19]. This requires two high frequency converters operating at the same time, thus overall switching loss is
high. Fig. 3 (e) shows a very interesting buck-boost inverter topology, it uses an additional switch to bypass an
idle buck-boost switching cell for half line cycle [20]. It effectively steps up and down the voltage and clamps
the CM voltage by the additional switches. However, the drawback is similar to other mentioned topologies, it
is required a bulky filter inductor to filter out the high frequency components in the grid current, power density
and cost are the issues. Other possible topologies have been well documented in the literature and they are

based on the above five topologies with additional features [21] - [24].
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Fig. 4 The proposed Manitoba Inverter topology.

This paper proposes a new transformerless single-phase single-stage buck-boost grid-connected VSI
circuit to transform DC voltage to AC voltage, namely Manitoba Inverter. The main advantages of the proposed

topology are 1) wide input range with a single power stage, 2) sinusoidal continuous grid current and without



additional grid inductor requirement, 3) low CM voltage with transformerless design, and 4) only one switch
under HF operation in each half line cycle. Since Manitoba Inverter is able to support very wide input DC
voltage range, it is very promising for PV applications. In Fig. 4, it shows the proposed circuit. The VSI consists
of two buck-boost switching cells and a configurable CL filter circuit. The switches for configuring the CL
filter is based on the recently proposed AVG concept [11], [25]. The configurable CL filter circuit can change
the output filter to different CL structures depending on grid voltage polarities by using the built-in buck-boost
inductors. This approach eliminates a bulky grid inductor in the system. In addition, since the VSI uses the
AVG concept, it mitigates the CM voltage issue by using the capacitor in CL filter to clamp the voltage between
the grid and the positive terminal of DC bus. Thus, leakage current is minimized, it is important for PV inverters
due to industrial standards [7]-[8]. In each switching cycle, only one switch is operating under high frequency
switching and the others are under line frequency operation. Therefore the overall switching loss is minimized.
In Table I, it can be seen that the proposed inverter can keep the minimum number count of HF semiconductors
and passive devices, and the minimum number of semiconductors in the main current path and high frequency
switching during operation. This paper will define the problems, explain operating principle of the proposed
inverter, provide static characteristics, and use experimental results to verify the proposed concept. An 800W,

120V laboratory prototype has been implemented and is used to demonstrate the performance of the proposed

topology.



Il. PRINCIPLES OF OPERATION

The proposed buck-boost VSI is shown in Fig. 4, which is able to convert a DC bus voltage into an AC
grid voltage either the DC bus voltage higher or lower than the peak value of AC grid and to deliver sinusoidal
grid current to the grid. The circuit includes two buck-boost switching cells and a configurable CL filter circuit,
namely AVG circuit. The configurable CL filter circuit filters out switching frequency components which are
generated by the buck-boost cells, and issues a continuous sinusoidal current to the grid. The AVG circuit
consists of two bi-directional switches (S, and Sg), and they are connected to Line (L) and Neutral (N) of the
grid separately. The bi-directional switches, namely AVG switches, can be realized by connecting two back-
to-back low cost MOSFETSs in series or in other configurations to provide bi-directional blocking and
conducting. The AVG switches operate at line frequency and their gating actions are synchronized with the
zero-crossing points of the grid voltage. The switches switch alternatively which are depending on the polarity
of the grid voltage. The circuit also includes a capacitor (C,5), namely AVG capacitor, that is coupled between
the junction point of two bi-directional switches and the positive terminal of DC bus (Vj¢). It is used to clamp
the potential difference between the DC bus and the AC ground in order to minimize the CM voltage and it is

used to form a CL filter as an output grid filter.

A.  Operating Mode: Positive half line cycle

In Fig. 5 (a), the proposed buck-boost VVSI works in positive half line cycle. In this half line cycle, C,5
is connected to Line (L) of the grid voltage through the bi-directional switch (S,), the main switch (S,) is always
open and the main switch (S;) is switching at a high frequency for shaping the inductor current i; . Fig. 6 (a)
is the corresponding equivalent circuit of Fig. 5 (a), note that S, and S, are always conducting and S, is always
open in this half cycle thus they are not shown in the circuit. It can be seen that the inverter forms a buck-boost
converter with L, and a CL filter is formed with C,5 and L, between the grid and the buck-boost converter. In

this case, L, takes the role of grid inductor, then low grid differential mode (DM) current ripple is achieved.



The corresponding inductor current waveform is shown in Fig. 7. The equivalent circuit in Fig. 6 (a) is basically
the same as that of Fig. 3 (b), there is only one semiconductor (S, ) in the grid current path in the proposed VSI,
but there are two MOSFETS in the grid current path due to the use of unfolding inverter. Specifically for PV
applications, a parasitic capacitor presents in between PV cells and AC ground. In Fig. 5 and Fig. 6, a capacitor,
Ccu, represents the parasitic capacitor of the system [11]. This capacitor is the main contributor of the HF
leakage current when a HF potential difference changes across the capacitor. Thus, the voltage, v, should be
kept as stable and avoid to be affected by the switching actions in the main converter circuit. In the proposed
system, C, is coupled between Line (L) and the positive terminal of DC bus, the CM capacitor voltage can be

determined by,

Vem () = v () —ve(t) — Ve (1)

where v, is CM voltage, v, is capacitor voltage of C4p, and v is grid voltage with positive value.

According to (1), there are no high frequency voltage changes in the terms, the potential difference of
the parasitic capacitor C,, is clamped. Therefore, low HF leakage current is achieved. Furthermore, from the
HF signals point of view, the impedance of the voltage source in (1) is very low, it looks like the DC bus
terminal is connecting to the AC ground, therefore the technology is namely Active Virtual Ground (AVG)

[11], [25].

B.  Operating Mode: Negative half line cycle

In Fig. 5 (b), the proposed buck-boost VSI works in negative half line cycle. In this half line cycle, the
AVG capacitor (C45) is connected to Neutral (N) of the grid voltage through the bi-directional switch (Sg), the
main switch (S;) is always open and the main switch (S,) is switching at a high frequency for shaping the
inductor current i;,. Fig. 6 (b) is the corresponding equivalent circuit of Fig. 5 (b), note that Sg and Sz are

always conducting and S; is always open in this half cycle thus they are not shown in the circuits. As well as



the system in the positive half line cycle that the inverter forms a buck-boost converter with L,, and a CL filter
is formed with C,5 and L, between the grid and the buck-boost converter. In this case, L, takes the role of grid
inductor, then low grid differential mode (DM) current ripple is achieved. The corresponding inductor current
waveform is shown in Fig. 7. C,5 is coupled between Neutral (N) and the positive terminal of DC bus, the CM

capacitor voltage can be determined by,

Vem (8) = —Vpe — ve(0) 2)

According to (2), there are no high frequency voltage changes in the terms, the potential difference of
the parasitic capacitor C,, is clamped, therefore, low HF leakage current is achieved. However, v.(t) presents
in the equation and it is a line frequency varying component, thus line frequency component presents in the

CM voltage.
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Fig. 5 Current conducting paths of the proposed VSI in (a) positive line cycle, and (b) negative line cycle.
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111.STEADY-STATE CHARACTERISTICS

The equivalent circuits in Fig. 6 show that the system could be modelled as a simple buck-boost
converter in each half line cycle, thus steady-state characteristics can be determined by using buck-boost
converter characteristics with time varying output voltage and current. The corresponding characteristics

waveforms are shown in Fig. 8.
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Fig. 8 Steady-Stage waveforms.
In order to simplify the topology analysis, the inductors are assumed as identical, thus,
LX = Ll = L2 (3)

where Ly is inductance of the inductors in the Manitoba Inverter topology.

By using the power flow transfer equation from v, to v in Fig. 6, output power of the inverter can be

obtained as,

_ VcVeg .
P = — .. sin 1) (4)

where V. and V;; are the peak amplitude of capacitor (C,5) Vvoltage and grid voltage, respectively, w is the

angular line frequency and § is the relative phase angle between the two voltage sources.



A.  Grid Votlage and AVG Capacitor Voltage

It can be seen that from (4), § is proportional to the inductance if the transferring power is constant.
The inductor is half line cycle working as a grid inductor and half line cycle working as a buck-boost converter
inductor, the value is typically in micro-Henry (uH) scale. Thus, the phase angle is small and the voltage drop
on the grid inductor can be neglected in order to simplify the calculations. By assuming the AVG capacitor

voltage v, is almost the same as the rectified grid voltage. It can expressed as,
ve(t) = |vg (1) = Vglsin wt| (%)

B.  Grid Current

The control objective of grid-connected inverter is to inject power to the grid and to keep the output

current is in-phase with the grid voltage, thus the grid current can be expressed as,

ig(t) = I;sinwt (6)
where I; are the peak amplitude of grid current.

C. Duty Ratio

Fig. 6 shows the buck-boost converter transferring energy from the DC source to the AVG capacitor.
The operation of the inverter is the same as a simple buck-boost converter. Thus, the duty ratio D can be

expressed by,

D(t) = O )

[vg(®)|+Vpc

It shows that the duty ratio is time varying in a line cycle following the change of grid voltage.



D. Low Frequency Buck-Boost Inductor Current

The inductor energy is transferring to the grid during the OFF-state operation as shown in Fig. 9 (b).
During the steady state situation, the OFF-state inductor current will equal to the average grid current over a
completed duty cycle. Therefore the low frequency buck-boost inductor current, i;.(t), can be expressed as,

[ve(O|lig(@®|(ve(O)|+Vpc)
Vpclvg(t)] (8)

ic(t) =

E.  Buck-Boost Inductor Current Ripple

By making assumptions that the inverter works with a constant switching frequency and continuous-
conduction mode inductor current, the converter-side current ripple Ai; . can be found from the inductor ON-

state equation as following,

Al
Ve = Lxﬁ 9)

where v, is the voltage across the switching inductor and T, is the turn-on period in a switching cycle,

As shown in Fig. 9 (a), v, is equal to V. during the ON-state operation. By using the relationships
between the duty ratio D, the switching frequency f,, and the time period and Ty, the buck-boost inductor

current ripple can be determined as,

. VpeD(t
Biyg(t) = 7220 (10)

And by putting (7) into (10), the instantaneous inductor ripple equation of Ai; . can be obtained as,

AlLC(t) — 1 lve(®|Vpc (11)

Lxfsw lvg(®)|+Vpc

It shows that the current ripple size is time varying in a line cycle.
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Fig. 9 Operating modes of a buck-boost converter, (a) ON-state Mode and (b) OFF-state Mode.

F.  AVG Capacitor Voltage Ripple

The voltage ripple of AVG capacitor is created by charging the capacitor with the discontinuous diode
current. The buck-boost inductor releases the current to the capacitor during the OFF-state of the HF switching
switch. During the ON-state, the capacitor current is the same as the grid inductor current which can be
simplified as a constant current in a short switching period. Thus, the capacitor voltage ripple peak to peak

value Av, is defined as,

. A
ic =Cyp % (12)
where i is current of AVG capacitor.
D(t)lig(t)l
Ave(t) = 2 el (13)

By putting (7) into (13), the following equation can be obtained.

__lve@®llig®l 1
Ave (D) = [vg(®)|+Vpc CaBfsw (14)

It shows that the voltage ripple size is time varying in a line cycle.



G.  Grid Inductor Current Ripple

From the CL filter characteristic, the grid side inductor will face the same high frequency voltage ripple
as the one appeared on the AVG capacitor. As shown in Fig. 8, the capacitor ripple voltage is much closed to
a triangular wave. Therefore under triangular wave approximation, the grid inductor current ripple, Ai;;(¢t),

can be expressed as,

Avc(t)

Aig(t) ~ 55— (15)
By putting (14) into (15), the following equation can be obtained.
AlG(t) ~ 1 |UG(t)||iG(t)| (16)

8CapLxfsw® lva(D)|+Vpc

It shows that the grid current ripple size is smaller than the buck-boost inductor current ripple and also

time varying.

H.  High Frequency CM Voltage Amplitude
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Fig. 10 High frequency equivalent model.

By applying the high frequency analysis to Fig. 6, the corresponding high frequency equivalent model
is generated as shown in Fig. 10. On the model, a capacitor, Ccw, is used to represent the parasitic capacitor

between the Earth and the Negative bus terminal of the inverter. The voltage generated on the Ccm presents the



CM voltage and the current passing through Ccwm is defined as the leakage current. In the analysis model, Ccm
is always paralleled to the filter capacitor Cag, there CM voltage ripple is guaranteed as the filter capacitor
helps to clamp the potential difference between the DC bus and the AC ground. By modifying (14), the CM
voltage, Avcy (t), can be expressed as,

v (Dlig(®)l 1
17
lvg(®O)|+Vpc (Cap+Cem)fsw A7)

Avem(t) =

I.  Leakage Current Amplitude

From Fig. 8, it shows that a discontinuous current is passing through the filter capacitor current in every
completed switching cycle. As Ccwm is paralleled to Cag, the leakage current amplitude, Aicy (t), that appears

in Ccm can be found under the current divider theory as,

Ccm Aipg(t)

Aicy(t) = (i +—) (18)

Ca+Ccm

By putting (11) and (16) into (18), the following equation can be obtained.

Rigy(£) = 106 (0)|]ig ()] —¥— (——— + : ) (19)

Cap+Ccm Vpclvg(®)| * 16CapLxfsw? (Iv6(O)+VDpc)

The capacitor value of Cag is always much larger than the capacitor value of Ccwm, therefore the leakage

current amplitude is able to minimize into a small level.



1VV.SYSTEM DESIGN AND IMPLEMENTATION

A.  Varients of Topology
Fig. 4 is one topology of the Manitoba Inverter topology family. The family is defined as a buck-boost
inverter using the AVG circuit which can create the equivalent circuits as Fig. 5. Another topology example is
shown in Fig. 11. The functionality of the circuit is the same as Fig. 4. However the circuit is mirrored, the
inductors connect to the negative terminal of the DC input source. Other variants can be using separated two
capacitors instead of one C,5, each capacitor is in series with one AVG switch (S, or Sg) . Nevertheless, all

variants of the Manitoba Inverter would provide similar electrical performance.

VDC i D3 Vg

Fig. 11 Mirrored topology of Fig. 4.

B.  System Implmentation

An 800W, 120V AC output buck-boost grid-connected VSI prototype has been implemented to evaluate
the proposed topology in Fig. 4. Table Il shows the specification and key parameters of the prototype. The
prototype is used to verify the operating principle and feasibility of the proposed topology. The prototype can
manage a wide input dc voltage range from 60 V to 200V, which covers the range of lower and higher of the
output voltage peak value (170V). Fig. 12 (a) shows the connection block diagram of the prototype. There are

6 gate signals from the DSP, and two inductor current and grid voltage sensing signals to the DSP for control



and protection purposes. Fig. 12 (b) shows the single PCB Manitoba Inverter prototype and the experimental

setup in the laboratory.

TABLE Il
SPECIFICATION OF THE PROTOTYPE OF MANITOBA INVERTER
Parameter Value Parameter Value
Input DC Voltage 60 —-200 V Grid AC Voltage 120 V (60 Hz)
Max. Output Power 800 W Switching Frequency 20 kHz
L &L, 780 pH Cug 6.8 uF
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Fig. 12 Testbed, (a) connection block diagram, and (b) laboratory setup.



C.  Controller Design

Inner Control Outer Control

(@)

VG

S4 SA

st [[ARARAAAAAR [TUUUTI
52 AR AR

Positive cycle Negative cycle Positive cycle Negative cycle

(b)

Fig. 13 Control and modulation, (a) Controller block diagram, and (b) Gate signals.

The roles of inductors L; and L, are interchanged in every half line cycle as buck-boost inductor and
grid inductor, thus additional line filter inductors are not required in the topology. Furthermore, only two current
sensors are required for providing current signals to the controller. Fig. 13 (a) shows a simplified control block
diagram of the proposed Manitoba Inverter topology. There are two control loops in the system with

Proportional Integral (P1) controllers. The outer loop is to regulate the grid inductor current to be sinusoidal



and to synchronize with the grid voltage, and the inner loop is to control the buck-boost inductor current to
balance the input and output powers in the inverter. The inner loop is running in high control bandwidth so that
a precise accurate switching action is resulted. The outer loop operates under a low frequency control which
only requires to synchronize the grid current and grid voltage in line frequency domain. To avoid the interaction
in both current loops, the loop frequency is set with a 5 times difference between both loop. The parameter of

the controller is set based on the target cut off frequency point.

The gate signals of AVG switches are obtained by a simple polarity detector by sensing the grid voltage.
Fig. 13 (b) shows simplified gate signals for the switches in the proposed Manitoba Inverter topology. It can
be seen that there is always only one switch working in high frequency switching, others operate at line
frequency switching and change states at the zero crossing of the grid voltage. Therefore, the semiconductor

switching losses can be minimized.

D.  Selection of Filter Compoment

In every half line cycle, one of the inductors acts as the converter-side inductor for energy conversion.
The other one acts as the grid-side inductor to form a CL filter with the capacitor Cag. With the use of (11) and
a predefined current ripple magnitude, the converter inductance is found. In the prototype, a 7.8mH inductor is
to limit the current ripple into 6A. On the selection of filter capacitor, there are two major concerns. One is the

resonant frequency, fres, which is defined as (20).

1

fres = oLy Cag (20)

In order to avoid the interaction between resonant frequency and switching frequency, the resonant
frequency is required 10 times lower than the switching frequency. Another criteria is the magnitude of leakage
current which is defined in (11). In order to meet the standard requirement [7], the magnitude of leakage current

needs to be within 300mA. To fulfill both criteria, a 6.8pF capacitor is selected in the prototype.



E. Selection of Semiconductor

The switches S, and Sy for configuring the CL filter are implemented by two back-to-back connecting
MOSFETS, the main switches S; and S, are Si MOSFETS, and S5 and S, are IGBTs with antiparallel SiC
Diodes. This combination of semiconductors can form fast switching cells to give efficient switching. In order
to optimize the design, components losses in the converter are estimated. Reference to [5], semiconductor and
inductor losses are the key components that require special attention. Table Il shows the selected
semiconductors in the presented prototype. Also a chart of loss estimation during 130Vdc-600W is given in

Fig. 14 as a design reference.

TABLE Il
SEMICONDUCTORS IN THE PROTOTYPE
Switch Type Manufacturer Part Number
S ~S, Si MOSFET Infineon IPW60R070P6
S3~S, IGBT + SiC Diode STMuicroelectronics STGW30H60DFB
Sy & S Si MOSFET Infineon IPW60R070C6

LOSS ESTIMATION (130VDC-600W)

Filter
Capacitor

0.3W
Diode of ( )
IGBT (7.2W)

Inductors
(11.4W)

B AVG
Switches
(3.6W)

Fig. 14 Loss estimation in 130Vdc-600W.



V. EXPERIMENTAL VERIFICATIONS

Fig. 15 and Fig. 16 shows experimental results of the proposed buck-boost VVSI. The waveforms show
the gate signals of S, and Sp are synchronized with the grid voltage and switching alternately as shown in Fig.
15 (a). There is a short dead time at the grid voltage zero-crossing to avoid shoot-through issue between S, and
Sg. The capacitor, C4p, voltage is a rectified sinewave, since the polarity of the capacitor is changed in every
half line cycle. It can be seen in Fig. 6 (a) and (b), the capacitor is always connecting to the “Positive Terminal”
of the grid. According to the buck-boost characteristic, the voltage stress on S; and Sy are equal to the sum of

input and output voltage which is shown in Fig. 15 (b).
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Fig. 15 Experimental results, (a) gating signals of Sa and Sg and (b) drain to source voltage waveforms of Si

and Sy at 130V dc input.
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Fig. 16 Experimental results, (a) 60V dc input, (b) 130V dc input, and (c) 200V dc input.

Fig. 16 (a), (b) and (c) show experimental results of the prototype working with different input DC
voltage levels and power levels, they are 60Vdc — 400W, 130Vdc — 600W, and 200Vdc — 800W, respectively.
The corresponding current reference of Fig. 16 (a), (b) and (c) are 3.3A, 5A and 6.6A, respectively. The
maximum inductor current is limited to 20A. Fig. 16 (a) shows the VSI prototype is in the buck-boost mode,
the input DC voltage is lower than the peak value of grid voltage. The grid current, i, is controlled as sinusoidal
current with small current ripple. The inductor current is an asymmetrical waveform, it is because inductor are
changing roles in the positive and negative line cycles which can be seen in Fig. 6 (a) and (b). During the
positive half line cycle, L, is the buck-boost inductor, it is charged up energy from the DC source and releases
the energy to the capacitor, C45. Since it is a discontinuous process for the input source and the capacitor, the

inductor current amplitude is higher than that of the grid current. During the negative half line cycle, L,



becomes the grid inductor. Thus the inductor current waveform of L, is identical to the grid current in the
negative half line cycle. Fig. 16 (b) shows similar experimental results, but with higher voltage and higher
power values. The grid current can keep as a sinewave. Fig. 16 (c) shows the VSI prototype is in the buck
mode, the input DC voltage is higher than the peak value of grid voltage. The grid current, i;, keeps as
sinusoidal current. The inductor current ripple in positive half cycle is larger than that in buck-boost mode. This
is because the voltage across the inductor is larger, di/dt of the inductor current is larger as well. Thus the
current ripple becomes larger with the same switching frequency. The experimental results show that the
proposed system works well with wide input voltage and ensures high quality grid current output. The results
also show the prototype can deliver energy from the DC source to the grid no matter what input voltage level.
Moreover sinusoidal output current is provided. In order to verify the accuracy of the proposed control loop,
current references are also extracted from the controller to compare with the measured current waveforms, as
shown in Fig. 17. From the figure, it shows that the measured one and the reference one are synchronized in

both frequency and magnitude which results a stable control.
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Fig. 17 Comparison between measurement signals and controller reference signals.

An efficiency curve is provided in Fig. 18 with varying testing conditions. In the measurement, only
the converter stage is taken into the consideration. The auxiliary power is excluded in the measurement. It

demonstrated that the system design is optimized from the medium voltage to high voltage scale, (130V dc to



200V dc). At the full loading condition of 130V dc, 93.7% system efficiency was achieved. The power factor
was kept higher than 0.98. The voltage harmonic was 1.31% and the current harmonic was 4.71%. During 20%
loading condition of 200V dc, the efficiency can be up to 95.7%. In addition, at the full loading condition of
200V dc, 93.82% system efficiency was able to achieve. The power factor was also kept higher than 0.98. The
corresponding voltage harmonic was 1.34% and the corresponding current harmonic was 4%. The highest
system efficiency for the prototype was 95.7% which appeared in 20% loading condition. A details current
harmonic spectrum of the system operating in the buck-boost mode (130Vdc) and the buck mode (200Vdc) are

shown in Fig. 19 (a) and (b) respectively. In all cases, the current quality satisfies the IEEE 519 standard.
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Fig. 19 Current Harmonic specturms, (a) 130V dc input and (2) 200V dc input.



Fig. 20 (a) and (b) show the leakage current measurement of the inverter under the full loading condition
in the 130V dc and 200V dc. A 100nF capacitor is added to the testbed to simulate the parasitic capacitor Ccm
of the inverter. In both case, the leakage current level were also close to the expected value and were within the

standard requirement of 300mA [7]. Low CM voltage and low leakage current is able to be guaranteed by the

proposed topology.
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Fig. 20 Leakage current measurements, (a) 130V dc input and (b) 200V dc input.

Fig. 21 (a) and (b) show the transient performance of the proposed inverter under different testing
conditions. In Fig. 21 (a), the reference of grid current was changed from 3.5 A to 7 A with a smooth transient
action. Afterwards, grid current was quickly settled into a new targeting value under the proposed control
scheme. In Fig. 21 (b), input voltage was jumped from 130Vdc to 200Vdc. Grid current wasn’t influenced
during the transient action. The only variation was shown in inductor current as it related to input voltage
magnitude. In both situations, system can keep stable and provide a fast dynamic response during transient

period. A stable system is able to be guaranteed.
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Fig. 21 Transient waveform, (a) step change in input voltage and (b) step change in grid current reference.

V1. CONCLUSIONS

The paper presented a new transformerless single-phase single-stage buck-boost grid-connected VSI
topology. The VSI guaranteed the performance with small grid current ripple, low leakage current, a wide input
voltage range, no additional grid inductor, and only one high frequency switch operates in the process. The
concept is to use a low frequency switching circuit to reconfigure the CL filter in positive and negative half line
cycles. Since the filtering capacitor always connects between the DC link and one of the grid terminals, the
high frequency common mode voltage is minimized. The switching states of the proposed topology were
explained in details. The performance of the VSI was demonstrated by experimental results. It showed that

there is a good agreement between the concept and the experimental results.

REFERENCES

[1] C. Ho and K. Siu, “Manitoba Inverter - Single Phase Single-Stage Buck-Boost VSI Topology,” IEEE
ECCE17, Oct. 2017.

[2] C.G.C.Branco, C. M. T. Cruz, R. P. Torrico-Bascope and F. L. M. Antunes, "A Nonisolated Single-
Phase UPS Topology With 110-V/220-V Input-Output Voltage Ratings,” IEEE Trans. on Industrial
Electronics, vol. 55, no. 8, pp. 2974-2983, Aug. 2008.



[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

S.B. Kjaer, J.K. Pedersen, and F. Blaabjerg, "A review of single-phase grid-connected inverters for
photovoltaic modules,” IEEE Trans. on Industry Applications, vol.41, no.5, pp.1292-1306, Sept.-Oct.
2005.

D. Han, C. T. Morris and B. Sarlioglu, "Common-Mode Voltage Cancellation in PWM Motor Drives
With Balanced Inverter Topology,” IEEE Trans. on Industrial Electronics, vol. 64, no. 4, pp. 2683-
2688, April 2017.

C. N. M. Ho, H. Breuninger, S. Pettersson, G. Escobar, L. A. Serpa and A. Coccia, "Practical Design
and Implementation Procedure of an Interleaved Boost Converter Using SiC Diodes for PV
Applications,” IEEE Trans. on Power Electronics, vol. 27, no. 6, pp. 2835-2845, June 2012.

C. N. M. Ho, H. Breuninger, S. Pettersson, G. Escobar and F. Canales, "A Comparative Performance
Study of an Interleaved Boost Converter Using Commercial Si and SiC Diodes for PV Applications,”
IEEE Trans. on Power Electronics, vol. 28, no. 1, pp. 289-299, Jan. 2013.

Safety of Power Converters for Use in Photovoltaic Power Systems—Part 1. General Requirement, IEC
Standard 62109-1-2007, 2007.

Effects of current on human beings and livestock — Part 1: General Aspects, IEC Standard 60479-1-
2005, 2005.

M. Victor el at, “Method of converting a direct current voltage from a source of direct current voltage,
more specifically from a photovoltaic source of direct current voltage, into a alternating current voltage”,
US Patent, No. US7411802 B2, 12/08/2008.

H. Schmidt el at, “DC/AC converter to convert direct electric voltage into alternating voltage or into
alternating current,” US Patent, No. US7046534 B2, 16/05/2006.

R. T. Li; C. N. M. Ho; E. X. Chen, "Active Virtual Ground — Single Phase Transformerless Grid-
Connected Voltage Source Inverter Topology,” IEEE Trans. on Power Electronics, vol. 33, no. 2, pp.
1335 - 1346, Feb. 2018.

K. Ogura, T. Nishida, E. Hiraki, M. Nakaoka and S. Nagai, “Time-sharing Boost Chopper Cascaded
Dual Mode Single-phase Sinewave Inverter for Solar Photovoltaic Power Generation System,” IEEE
PESC2004, pp.4763- 4767, Jun. 2004.

W. Wu, and T. Tang, "Dual-Mode Time-Sharing Cascaded Sinusoidal Inverter”, IEEE Trans. on Energy
Conversion, vol. 22, pp. 795-797, Spet. 2007.

F. Kang, C. Kim, S. Park, and H. Park, “Interface circuit for photovoltaic system based on buck-boost
current-source PWM inverter,” IEEE IECON2002, pp. 3257-3261, 2002.



[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

Ahmed Mohamed Salamah, Stephen J. Finney, Barry W. Williams, "Single-Phase Voltage Source
Inverter With a Bidirectional Buck—Boost Stage for Harmonic Injection and Distributed Generation”,
IEEE Trans. on Power Electronics, vol. 24, pp. 376-387, Feb. 2009.

S. Funabiki, T. Tanaka and T. Nishi, "A new buck-boost-operation-based sinusoidal inverter circuit,”
IEEE PESC2002, pp. 1624-1629, 2002.

C. Rodriguez and G. A. J. Amaratunga, "Long-Lifetime Power Inverter for Photovoltaic AC Modules,"
IEEE Trans. on Industrial Electronics, vol. 55, no. 7, pp. 2593-2601, July 2008.

C.-M. Wang, "A novel single-stage full-bridge buck-boost inverter," IEEE Trans. on Power Electronics,
vol. 19, no. 1, pp. 150-159, Jan. 2004.

R. O. Caceres and I. Barbi, "A boost DC-AC converter: analysis, design, and experimentation,” IEEE

Trans. on Power Electronics, vol. 14, no. 1, pp. 134-141, Jan. 1999.
S. Jainand V. Agarwal, "A Single-Stage Grid Connected Inverter Topology for Solar PV Systems With

Maximum Power Point Tracking,” IEEE Trans. on Power Electronics, vol. 22, no. 5, pp. 1928-1940,
Sept. 2007.

D. Meneses, F. Blaabjerg, O. Garcia and J. A. Cobos, "Review and Comparison of Step-Up
Transformerless Topologies for Photovoltaic AC-Module Application,” IEEE Trans. on Power
Electronics , vol. 28, no. 6, pp. 2649-2663, June 2013.

Y. Xue, L. Chang, S. B. Kjaer, J. Bordonau and T. Shimizu, "Topologies of single-phase inverters for
small distributed power generators: an overview," IEEE Trans. on Power Electronics, vol. 19, no. 5, pp.
1305-1314, Sept. 2004.

W. Li, Y. Gu, H. Luo, W. Cui, X. He and C. Xia, "Topology Review and Derivation Methodology of
Single-Phase Transformerless Photovoltaic Inverters for Leakage Current Suppression,” IEEE Trans.
on Industrial Electronics, vol. 62, no. 7, pp. 4537-4551, July 2015.

Q. Li and P. Wolfs, "A Review of the Single Phase Photovoltaic Module Integrated Converter
Topologies With Three Different DC Link Configurations,” IEEE Trans. on Power Electronics, vol. 23,
no. 3, pp. 1320-1333, May 2008.

C.N. M. Ho,R. T. H. Liand K. K. M. Siu, "Active Virtual Ground—Bridgeless PFC Topology," IEEE
Trans. on Power Electronics, vol. 32, no. 8, pp. 6206-6218, Aug. 2017.



