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A Variable Switching Frequency Multimode Control
Scheme for Single-Phase Grid-Tied
Multilevel PV Microinverters

Lyuyi Lin"¥, Student Member, IEEE, Junming Zhang

Abstract—Single-phase grid-tied microinverters are required to
operate over a wide power range in photovoltaic applications. It is
desirable to improve the efficiency over the entire power range with-
out extra cost. This article proposes a variable switching frequency
(VSF) multimode control scheme to optimize the device losses at
each operating point for a single-phase T-type hybrid-bridge in-
verter. The proposed optimal control scheme is devised based on the
V-I plane analysis and can therefore be applied in both unity power
factor (PF) and nonunity PF operations. With reasonable simplifi-
cations and curve fitting, neither a multidimensional lookup table
nor excessive computational burden is required for the controller. A
1-kW prototype is built to verify the proposed optimal VSF scheme
and compare it with the conventional constant switching frequency
(CSF) scheme. The experimental results show that the proposed
optimal VSF scheme can achieve higher efficiency than the CSF
scheme over a wide power range. The weighted average efficiency
of the proposed scheme is improved by a maximum of 1.3 % in unity
PF operation and 0.63 % in nonunity PF operation.

Index Terms—ILoss optimization, multimode control, photo-
voltaic (PV), T-type inverter, variable switching frequency (VSF).

1. INTRODUCTION

HOTOVOLTAIC (PV) market is flourishing all over the

world in the last few years and the capacity of residential
PV is growing rapidly. Single-phase grid-tied microinverters are
popular in residential PV systems due to their compact design,
small mismatch loss, high reliability, and low installation cost.
In PV systems, the output power of PV modules will vary with
climatic conditions and solar irradiance. Thus, weighted average
efficiencies, such as European (EU) efficiency or California
Energy Commission (CEC) efficiency, are used to evaluate the
performance of inverters. However, optimization based on the
largest weighting factor of one standard may not perform well in
another standard. According to a recent comparison of PV mi-
croinverters [5], some inverters ranked well at the CEC efficiency
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but dropped at the EU efficiency. Besides, most inverters suffer
from low efficiency in light loads which affects the weighted
efficiency. Therefore, inverter efficiency should be optimized
not only at a single point but also over the full range of power.

As well known, inverters can operate in continuous conduc-
tion mode (CCM), discontinuous conduction mode (DCM), or
boundary conduction mode (BCM). Usually, CCM is more suit-
able for heavy loads due to lower conduction loss, whereas DCM
or BCM is preferred in low-power applications because of lower
switching loss. BCM has been widely used in microinverters due
to zero voltage switching (ZVS) merit but has the drawback of
wide switching frequency range and high peak current. Since
the instantaneous output power of the inverter always varies
from no load to heavy load in each line cycle, it is very dif-
ficult to optimize the efficiency with a single control method.
By operating in a proper mode as instantaneous power varies,
which is called multimode control, it is possible to combine the
advantages of different operation modes and improve overall
efficiency. In [6], the converter operated between CCM and
DCM with several given switching frequencies throughout the
ac line cycle. In [7], the switching frequency is designed as a
linear piecewise function of output current, which is far from
the optimum. The research works in [8] and [9] combined BCM
and nonoptimized constant switching frequency (CSF) DCM.
Liu et al. [10] proposed a hybrid control scheme combining
BCM and limited switching frequency triangular current mode
(TCM). Although the switching frequency range is narrowed
and full range ZVS is achieved, the current ripple is large and,
thus, conduction loss and turn-OFF loss are still high.

In recent years, variable switching frequency (VSF) control
schemes have attracted a lot of research interest to achieve
ZVS [11] or to optimize current ripple distribution and reduce
switching losses [12], [13], [14], [15], [16], [17], [18], [19]. A
variable off-time control method is proposed by Zhang et al. [13]
to increase efficiency at light load, which is essentially a VSF
scheme. The research work in [14] implemented a VSF scheme
by a constant frequency peak current controller. In [15], [16], and
[17], VSF is proposed based on current ripple prediction and the
peak of the current ripple is limited. VSF scheme is also adopted
in [18] to minimize switching loss without increasing the rms of
current ripple. An improved VSF method is proposed in [19] to
find the balance between switching loss and core loss. However,
in the aforementioned works, inverters are usually operated in
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Fig. 1. Topology of T-type hybrid-bridge five-level inverter.

only one or two modes, which are hard to optimize the overall
power loss.

With the increasing power of PV modules, microinverters are
expected to operate in a wider power range. It is desirable to
adopt VSF in multimode control to further optimize the conduc-
tion loss and switching loss without additional hardware cost.
Moreover, multilevel inverters have been developed in many PV
applications [20], [21], [22] to improve efficiency and power
density. For multilevel inverters, there might be more operating
modes so that efficiency optimizations will be more complex.

To overcome these issues, this article proposes a VSF mul-
timode control scheme for multilevel inverters, including both
unity power factor (PF) and nonunity PF operation. Since the
power loss of the switches is the dominant power loss of the
inverter, the optimization in this work is carried out to minimize
the conduction loss and switching loss of the power devices.
The inductor loss is not considered in the optimization for
simplicity. The optimization aims to find the optimal operating
status, including optimal operating mode and optimal switch-
ing frequency, based on the instantaneous output voltage and
output current information. Using the curve-fitting method, the
proposed optimal control strategy can be easily implemented in
the DSP controller with neither a heavy computational burden
nor a multidimensional look-up table. A T-type hybrid-bridge
topology is adopted as the power stage, and the experimental
results show that the proposed VSF control scheme can save loss
over the whole operating range and improve weighted average
efficiency compared to the conventional CSF control scheme.

The rest of this article is organized as follows. Section Il intro-
duces the V-I plane trajectory of inverter ac output and analyzes
the corresponding switching sequence in different regions on the
V-I plane. The analysis showed that the optimal operating status
can be calculated in a small region instead of the whole VI plane.
Section III derived the optimal operating status, which consists
of the optimal mode (CCM, BCM, or DCM) and the optimal
switching efficiency. The control strategy is obtained using the
curve-fitting process. In Section IV, the implementation of the
control system is discussed. In Section V, the simulation results
on loss distribution and current distortion are presented. Finally,
Section VI concludes this article.

II. V-I PLANE ANALYSIS

The following analysis is based on a T-type hybrid-bridge
five-level inverter as shown in Fig. 1. A two-stage structure
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Fig. 2. Time-domain waveforms and state-plane trajectories of AC output.
(a) vac and iz when PF = 1. (b) v, and iac when PF = 0.87, current leading.
(c) Trajectory when PF = 1. (d) Trajectory when PF = 0.87, current leading.

is widely adopted for PV microinverter applications [1], [23].
The boost stage realizes the function of maximum power point
tracking, galvanic isolation, and voltage step-up. The inverter
stage shapes the output current and injects it into the grid. The
T-type hybrid-bridge inverter consists of two switching legs:
one is the three-level T-type leg and the other is the two-level leg
[24]. The T-type hybrid-bridge structure only requires six power
devices, whereas the dual-bridge structure, which consists of two
three-level legs, requires eight devices. Thus, the hybrid-bridge
inverter has fewer power devices and lower conduction losses
with the same voltage levels. Therefore, it is adopted here for
the following analysis. The same concept can also be applied to
other multilevel topologies.

To optimize the power loss of an inverter, it is more convenient
and straightforward to minimize power loss at each operating
point (va, iac) than the average power loss during a line cycle.
As long as the power loss at each operating point is minimized,
the total loss over the entire operating range is also minimized.
In this section, the inverter output trajectory on the V-I plane is
introduced first. For nonunity PF operation, the inverter operates
among different quadrants with different switching sequences.
The loss calculation formula will also be different. The switching
sequence in different regions on the V-I plane is analyzed to
simplify the optimization.

A. Inverter Output Trajectory on the V-1 Plane

The output of the inverter can be mapped as a trajectory on
the V-I plane. Two examples are shown in Fig. 2. Fig. 2(a)
shows the waveform of instantaneous output voltage v,. and
instantaneous output current i,. in unity PF operation. The
state-plane trajectory shown in Fig. 2(c) is a line segment, which
indicates that the inverter will only operate in Quadrant I and III
in unity PF operation. Fig. 2(b) shows the waveforms in nonunity
PF operation where the output current has a leading phase as an
example. As shown in Fig. 2(d), the trajectory for nonunity PF
operation is an ellipse and the inverter will operate clockwise



LIN et al.: VARIABLE SWITCHING FREQUENCY MULTIMODE CONTROL SCHEME FOR MICROINVERTERS

Fig. 3. Topology of T-type hybrid-bridge five-level inverter.
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Fig. 4. Operating regions and the example operating points: Ay (v1, i1), A2

(-v1,i1), Ag (v1, -i1), and By (Vbus-v1, i1).

among four quadrants. It should be noted that if the PF is the
same and the output current is lagging, the trajectory is the same
as Fig. 2(d) but the inverter will operate counterclockwise.
According to Fig. 2, in unity PF operation, i,. is a single-
valued function of v,.. Once i,. is known, the operating point
is determined and the switching frequency can be optimized.
In this case, optimization only depends on the output current
i5c or the instantaneous output power. However, in nonunity PF
operation, since i,. is no longer a single-valued function of v,
optimization should be dependent on both i,. and v,.

B. Switching Sequence in Different Regions on the V-1 Plane

The switching sequences are different in different quadrants.
Moreover, in a multilevel inverter, the switching sequences
might change with the output voltage even operating in the
same quadrant. Take the T-type hybrid-bridge inverter as an
example. In QuadrantI, S1 and S2 switch complementarily when
Vac > Vpus/2 whereas S3 and S4 switch complementarily when
Vac < Vpus/2. It is complicated to find the optimal switching
frequency at every operating point on the whole V-I plane. Thus,
the following analysis will discuss the switching sequence in
different regions and simplify the problem.

The simplified schematic of the T-type hybrid-bridge inverter
is shown in Fig. 3. The three-level leg is represented by switch
A, and the two-level leg is represented by switch B. The node
voltage V switches among Vp, Vo, and Vi, whereas Vg
switches among Vp and Vy. The inductor current waveform
in the following analysis is considered to be triangular.

For five-level inverters, operation on the V-I plane can be
divided into eight regions, which is shown in Fig. 4. The switch-
ing sequences are different depending on the operating region.
Four example operating points are analyzed, which are plotted
in Fig. 4. The analysis of operating points in other regions can
be obtained by symmetry and therefore is not discussed.
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Fig.5. Inductor current waveform and current path at operating point: (a) A
(v1,i1), (0) Az (-v1, 1), () Ag (v1, -i1), and (d) B1 (Vbus-v1, i1).

1) Operating Point A; (vy, i1) in Region A I (0 < v;<
Vipus/2): Atthis operating point, switch B is always connected to
node N, and switch A switches between node O and N. Assume
the inverter operates in CCM, the inductor current waveform
is indicated in Fig. 5(a). In a switching cycle, the inductor
current rises during interval 71 and falls during interval #,. The
differential voltage of the two legs, Vao—Vp, equals to Vi,,s/2
during #; and O during #5. The slope of the inductor current is
given and labeled in Fig. 5(a).

2) Operating PointAs(-vy,1;1)in Region A Il: This operating
point is in Quadrant II, the so-called “negative power region,”
where the output voltage is negative and the output current is
positive. This operation mode only occurs in nonunity PF cases.
The inductor current waveform and the related current slope are
indicated in Fig. 5(b). On comparing Fig. 5(b) with Fig. 5(a),
it can be found that the inductor current waveform at A, is the
mirror of that at A;. Since the instantaneous output currents at
these two points are all iy, the peak current iy, and the valley
current iy, at A; and A, are the same at a certain switching



11546

frequency. As a result, the conduction loss and the switching
loss of these two operating points are the same.

3) Operating Point A (v, -i1) in Region A IV: As for oper-
ating point A4 in Quadrant IV, the output current is negative and
output voltage remains positive. The inductor current waveform
and the slope in each interval is shown in Fig. 5(c). The waveform
at Ay is the 180° rotation of the waveform at A; and the absolute
values of instantaneous output current at these two points are the
same. Similar to the previous analysis, the absolute peak current
and valley current, the conduction loss, and the switching loss
are the same for a given switching frequency.

4) Operating Point B; (Vpys-Vy1,1;1) in Region B I: Operating
points By and A; are symmetric about v,. = V,,5/2 as shown
in Fig. 4. The inductor current waveform is shown in Fig. 5(d),
which is the same as the waveform at A, and the mirror of the
waveform at A;. According to the previous analysis, the peak
current, the valley current, the conduction loss, and the switching
loss are the same at a certain switching frequency.

According to the previous analysis, the device loss at certain
switching frequency is the same at the four example operating
points. As a result, the optimal operating status is also the same.
Due to the symmetry, the optimal operating status of any point
on the V-I plane can be obtained by finding the optimum of
the corresponding point in Region A I { (v, tac)|0 < Upe <
Vous/2, 0 < dae < Lncmax}» Where Ine max 18 the peak of the
instantaneous output current at full load. It is worth noting that
for an N-level inverter, the optimization on the whole V-I plane
can be simplified to the optimization in the region: { (vyc, 7ac)|0 <
Vae < 2Vhus/ (N — 1), 0 < dae < Incmax }» Which can dramati-
cally simplify the analysis and calculation.

III. DERIVATION AND CURVE FITTING OF THE OPTIMUM

In this section, the objective function is derived first and the
device loss model of CCM and DCM in Region A 1 is derived
respectively. Although it is not practical to obtain the analytical
solution of the optimum, the numerical solution can be obtained.
Finally, the optimal solution is fitted with a simple function,
which can be easily implemented in the DSP controller.

A. Objective Function

In CCM or DCM operation, the switching frequency is a
function of the inductor peak current, i.e., fsw (ipi). The objective
function Min : Ploss( fow(pk)) can be expressed as

Min : Ploss (ipk) = Pcond (ipk) + Psw (ipk) + Poss (ipk> (1)

where the inductor peak current iy is the only variable. Pcong
is the conduction loss of the MOSFETs. P, is a component of
the switching loss which is dependent on the switched current,
switched voltage, and gate drive circuit. Pgs is the switching
loss related to the energy stored in the junction capacitor Cogs.

B. Loss Model in CCM

In CCM, the objective function should be subject to the
restriction

St t g < gk < e 2)
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Fig. 6. Inductor waveform and the variables used in the calculation. (a) CCM.
(b) DCM.

where i is the inductor peak current and 7, is the instantaneous
output current. The variables used in the calculation are shown
in Fig. 6(a).

The switching frequency, time intervals #; and 2, and induc-
tor valley current iy, can be calculated by ik and the circuit
parameters, i.e.,

f _ U%C(V;{us/vaﬂc)

sw (lpk_lac)LsVi)us

‘/bus/2fvac (3)
t2 — 2(7;pk;imc)Ls

Z‘va = 22‘ac - Z‘pk .

ty =

In the T-type hybrid-bridge topology, the inductor current
flows through three MOSFETs in #; and two MOSFETS in fo.
Assume the MOSFETs are all the same, the conduction loss of
the inverter can be calculated by

tl t2
Prond = for ( / 2t - 3Raon + / iidt-szsoN) @)

0 0

where Rgson 18 the ON-state resistance of the MOSFETS.

For the switching loss Psy, as the turn-ON and turn-OFF
voltages are considered constant, the switching energy can be
considered a linear function of the switched current [25] given
as

Py, = fsw (koffipk + koniva) )

where k opr and k oy are constants depending on the dc voltage
and the MOSFET switching speed.

Coss related loss includes the discharging loss of the active
switch capacitor and the charging loss of the other switch ca-
pacitor [26]. In a T-type bridge, three junction capacitors are
involved in the charging—discharging process during the hard
turn-ON transition. However, for the normally-OFF switch, e.g.,
S; in Region A I operation, the drain—source voltage is high
and the charging loss can be negligible. Since the switches are
considered all the same, P, can be calculated as

Vous ) *
Poss = fswcoss,eq <;> (6)

where Cog.cq should be the charge-equivalent capacitance ac-
cording to [27].
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C. Loss Model in DCM

In DCM, the inductor peak current is always higher than that
in CCM and the restriction is different from CCM as

Sit. ik > ine )

The variables fyy, 11, t2, and iy, shown in Fig. 6(b) can be
calculated by

f _ Vac(Vhus /2—Vac ) fac
sSwWoT

(ipx/2)® L Vius
_ ipkLs
tl - vaus/Qf'Uac (8)
— ipkLs
ff T e
Tva= 0.

The conduction loss is the same as (4) in CCM while the
switching loss only consists of the turn-OFF loss at peak current
since iy, = 0, which is given by

Py = fswkof‘fipk- 9

In DCM, the drain—source voltage of MOSFETs will oscil-
late during the dead time zone, and also, P, Will oscillate
depending on the turn-ON point. The voltage parasitic oscil-
lation of the active MOSFET is around (Vp.s/2-v..) and the
amplitude is v,.. Without considering the circuit damping ef-
fect, the valley voltage may reach 0 when v,. > Vi,s/4 and
be (Vihus/2-2v,e) when v, < Vyuo/4. With proper detection,
valley switching can be achieved, and the switching loss can be
minimized. For simplicity, Pgs is calculated considering valley
switching

Vs 2 Vous
fswcoss,eq( 5 - 2Uac) ’ Vae < Z
Poss = Vi v (10)
0, U <o < G

D. Optimal Solution and Curve Fitting

Combining the above equations, the numerical solution of
the optimal inductor peak current can be obtained. According
to the analysis in Section II, the optimum of any point on
the V-I plane can be obtained by solving the optimum of the
corresponding point in Region A I, which can dramatically
simplify the analysis and calculation. Therefore, the optimal
values of (1) are solved in Region A I, i.e., { (U, tac)|0 < Upe <
Vous/2, 0 < idae < Iye max}. In this work, considering the bus
voltage is 400 V and the output power is 1 kW, Region A I can be
expressed as: {(Vac,ac)|0 < Vo < 200V, 0 < iy < 6.42A%.
The circuit parameters for 1 kW prototype are used in the
calculation and listed in Table I. Once the circuit parameters are
determined, the optimal inductor peak current is only related
to the instantaneous output current i,. and output voltage vc.
The calculated optimal inductor peak current surface iy cal(Vac,
iac) With parameters given in Table I is plotted in Fig. 7, where
the BCM surface is plotted and the optimal operating modes
are labeled. When ik cal = 2iac, the inverter is expected to
operate in BCM. When ipx cal > 2iac, the inverter will operate
in DCM, and when i,k ca < 2iac, the inverter will operate
in CCM.

Fig. 8 shows the normalized calculated optimal inductor
peak current ipk cal/lac,max Versus normalized output current
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TABLE I
CIRCUIT PARAMETERS
Parameters Value
Input DC bus voltage, Veus 400V
Output AC voltage, Vacms 220V
Rated output power, Po 1 kW
Power factor range, PF 0.9—1
Switching frequency range 25kHz—100 kHz
Inductor peak current limit, /pklim 7.88A
MOSFETs Part No. IPW60R070CFD7
On-state resistance of MOSFETS, R4son 57 mQ
Constant of turn-on loss, ko~ 8.37¢-6
Constant of turn-off loss, korr 2.91e-6
Charge-equivalent capacitance, Cosseq 788 pF
Inverter-side inductor, Ls 170 uH
Grid-side inductor, Lg 500 uH
Filter capacitor, Cq 2 uF
MCU Part No. TMS320F28377S

Current sensor Part No. ACS730-20AB-T

ipk,cal(A)

CCM BCM

200

Fig. 7. Calculated optimal inductor peak current surface ipk cal(Vac, fac)
based on the 1-kW prototype.

iac/lac,max When vy, is fixed as 20 V, 100 V, and 160 V, i.e.,
the normalized output voltage v,./Viyus is  0.05, 0.25, and
0.4 respectively. When the output current i, is low, ipi cal 18
independent of i,. and the inverter will operate in DCM since
Ipk,cal > 2iac. The optimal switching frequency and switching
loss will decrease as i, decreases since ipk o] Femains constant.
As i, increase, the optimal solution is on the boundary, which
suggests the inverter will operate in BCM. When i,. is high,
Ipk,cal 15 nearly linear about i, and the inverter will operate in
CCM to decrease the conduction loss.

It is worth noting that the curves are not coinciding at different
Vac. The optimized peak current varies not only with i,. but
also with v,.. Also, the current thresholds for operation modes
transition are not a monotonic function of v,., as shown in
Fig. 10. The reason is that the switching frequency is not a
monotonic function of v,. according to (3).
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According to Fig. 8, the optimal inductor peak current fitting
function iy 5¢ can be designed as a piecewise linear function
of iy as (11). The diagram of ipy g¢ is shown in Fig. 9. The
threshold current from DCM to BCM and the threshold from
BCM to CCM are expressed as Ipcnish(Vac) and Iconsh (Vac),
respectively, which are functions of the output voltage v,.. The
slope of ip,i 5t in CCM a; is a constant which can be obtained by
curve fitting. Considering the inductor saturation, a current lim-
itation Ipk 1im lower than the inductor saturation current should
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Fig. 11.  Control diagram for the proposed VSF multimode scheme.

be set.
Z‘pk,ﬁt (vacviac) =

iac < IDCMth

Incmin <tac < Icemin

Icomin < tac&&ipi e < Lok lim
Tpk,fit > Lpk,lim

2Ipcmn,

2y,

a1 (fac — Ieomm) +21comms
ka,limy

an

Fig. 10 shows the normalized function of Ipcatn(Vac)
and Icomin(Vae). The normalized threshold is defined as
I*DCMth(Vac) = IDCMth(VaC)/[aC,max and I*CCMth(Vac) =
Icomen(Vac) Tac max- As shown in Fig. 10, Ipcmen and Iocmien
are zero at vy = 0 and vy = Vpus/2, and both Ipcyien and
Iccwen can be fitted by the following function:

(1/2 - kvac) kvac

I o = 12
= Tk (12)
where kg, k1, and ko are the curve-fitting coefficients, and
foo — {'Uac/‘/bum Vae < Vi)us/2 (13)
e 1- ’Uac/‘/i)um Vae = ‘/I)us/2

Since the circuit parameters are determined, the fitting co-
efficients aq, kg, k1, and ko can be calculated offline. As a
result, the optimal inductor peak current can be calculated by the
polynomial fractions in (11), (12), and (13) in the DSP controller.

IV. CONTROL SYSTEM IMPLEMENTATION
A. Control Method

Fig. 11 shows the control diagram of the prototype. The hybrid
current control method is used to control inductor current in
CCM and BCM [20], [28]. The first interval t; is calculated
by the DSP and the switching cycle ends when the inductor
current reaches the preset boundary i,,. For DCM operation,
the time intervals are predicted by the required average current
iac,ref> the input voltage Vs, and the instant output voltage vc.



LIN et al.: VARIABLE SWITCHING FREQUENCY MULTIMODE CONTROL SCHEME FOR MICROINVERTERS

AVoem2 AVoem
[ D ——
I A ,7 /r
I C-QCM L buls/z L “Tl’k l lI)us
7 , !
614 : :
5 CCM  [* ! CCM |
P '
= 37 BCM I BCM,
~ 3t/ N
\‘: /4 17
~ 0 ’\ﬂ \ll ,/:
id  DCM i,/ DCM!
0 , ,
0 100 / 200 300 400
D-QCM vac(t) nv
Fig. 12.  Optimal operating mode on Quadrant I of the V-/ plane.

The switching cycle ends with the calculated switching period
Tsy - The optimal operating mode is determined to choose which
signal is used to reset the switching cycle. The optimal strategy
is not calculated in each switching cycle; it is calculated in a
slow interrupt period, i.e., 40 us in the experiment. The optimal
operating mode and the control variables are updated by each
interrupt period.

A conventional capacitor voltage balancing control is also
adopted in the control scheme. The average voltages of the bus
divided capacitors during a line cycle are measured, which is
referred as V1 and Vo, respectively. In the voltage balancing
control, these two average voltages are compared and the error
will be used to offset the current reference to balance the ca-
pacitor voltages. It has been widely reported and used in real
applications, so it is not elaborated here.

Inunipolar pulsewidth modulation control of the conventional
H-bridge grid-tied inverters, current distortion may occur near
the voltage-zero-crossing region due to dead time or limited
duty cycle [29]. In the T-type hybrid-bridge inverter, similar
current distortion may also occur when the output voltage v, is
near half bus voltage V},,,5/2. To solve this problem, the authors
have proposed quadrilateral current mode (QCM), or so-called
trapezium conduction mode, in which the inductor current is
shaped like a quadrilateral [28], [30]. In this article, QCM is
adopted near the region of v,e = 0 or |vy | = Vhus/2 . The
detailed principle and implementation of QCM are expressed as
follows.

B. Principle and Implementation of QCM

Fig. 12 shows the operating modes on the first quadrant of
V-I plane with QCM implementation. The QCM operation con-
sists of continuous-QCM (C-QCM) and discontinuous-QCM
(D-QCM). As shown in Fig. 12, C-QCM is inserted between
CCM or BCM, whereas D-QCM is inserted between DCM
operations. Take a point near v, = Vi,,5/2 as an example. When
the output current is high, the inverter will operate in C-QCM
as shown in Fig. 13(a) where the inductor current waveform is
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Fig. 13.  Inductor current waveform and switching sequence of (a) C-QCM in

the region near vy = Vhus/2, (b) D-QCM in the region near vae = Vius/2,
(c) C-QCM in the region near v, = 0, (d) D-QCM in the region near v, = 0.

continuous. The differential voltage between the two switching
legs VaA—Vp switches among Vi,us, Vibus/2, and O in sequence.
As the output current decreases, the inverter will operate in
D-QCM as shown in Fig. 13(b). In D-QCM, there is a dead time
zone t4 where the inductor current is zero. The inductor current
waveforms and switching sequence of C-QCM and D-QCM in
the region near v,. = 0 are shown in Fig. 13(c) and (d). In the
region near v,. = 0, the differential voltage between the two
switching legs V4—Vp switches among Vi, 0, and —Vi,,4/2 in
sequence.

In QCM operation, the duty cycle of the second interval is
chosen as a control variable and defined as

dy =ta /(b1 +ta+t3) =t [taz

where fy7 is the time interval when the inductor current is not
zero as shown in Fig. 13.

As shown in Fig. 14, dy; determines the shape of the quadri-
lateral. When dy; = 0, the middle time interval 7 is bypassed
and the inverter will operate as a conventional H-bridge inverter.
When dy; is maximum, either #; or 73 is bypassed according to
the output voltage v, and the inverter will operate in three-level
TCM. The maximum dj; max can be calculated by (15). When
dyp is between 0 and dyi max, the shape of the inductor current
is a quadrilateral.

(14)

dM,max =

{2 - Min (vae, Vous — Vac) / Vius, Region near half bus voltage

: Vius 20 Vous—
Mln ( bus ac7 bus ac

T ) , Region near zero — crossing

Vous

5)
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TABLE II
CALCULATION FORMULAS OF QCM

Region near half-bus voltage Region near zero-crossing
C-QCM D-QCM C-QCM D-QCM
T 8(iac—iva)LsVbus igk,ref LsVbus 6(tac—iva)LsVbus igk,ref LsVbus
W 4(Vpus=Vac)Vac— A Vidys iac(Vbus—AVocm)AVocm (Vbus—Vac) Vbus +2Vac) =i Vius iac(Vbus—AVocm)AVocm
tNZ T 8iacLsVbusTsw T 6lacLsVbusTsw
W 4(Vbus_vac)vac_d]%llvbzus W ((Vbus_vac)(vbus+2Uac)_d§4Vh2u5)
t ( Vac d_M) t (Vbus"'zvac _ d_M) t
! Vo 2) NZ Vs 3 ) N2
[5) dminz dminz
¢ (Vbus_”ac _ d_M) t (Z(Vbus_vac) _ 2dM) t
: Vius 2 ) Nz 3Vbus 3 ) Nz
14 0 | Tsw — tnz 0 | Tsw — tnz
dy=0 Sample: Vi, Vae
System Parameters: L,
B Fitting Coefficients: a1, kocemms kicomms Kacomms Kopemms Kipemms Kapemmn
dM_IZ/lNZ Control References: Zoc ref
\ ¥
(z}w 0<dy<dhimg ‘ Caleulate: iy g by (11)(12)(13) ‘
B Vius
Va-Va Vous/2 dy=dyimg
h 15 13
[Vacl- Vot 2/<AVen/2 oF [acl- Vo 2/<A Vo2 of
Vacl <AV oo/ 28 &pEA1)2 Vi <AVoen/2&&pf1)2
Fig. 14.  Inductor current waveform and effect of dj; in QCM. ’ Operating mode: ‘ Operating mode: ’ Operating mode: ‘ Operating mode:
DCM D-QCM CCM or BCM C-QCM
Calculate: 11, b, Ty Caleulate: ty, ty, ts, Ty Calculate: #, iy, Calculate: 11, to, iyy
CCM C-QCM CCM by (8) by TABLE II by (3) by TABLE Il
i Fig. 16.  Flowchart of the optimal strategy.
TV N
—I envelope
Vac . . . .
______________ FhrustA Voo 2 iva 18 always zero. To smooth the output current, the switching
us
ot frequency in D-QCM is designed equal to the switching fre-
bus~AVQem ... . .
" quency of DCM at the transition point. The expressions of the
switching period and time intervals in QCM are summarized in
Fig. 15.  Inductor current and the instantaneous output voltage during CCM- Table II.

CQCM-CCM transition.

To achieve high efficiency, dyr should be as large as possible.
However, dy; cannot be too large due to the lower limit of #;
and 73 intervals [28]. Thus, the design of dy; is recommended as
0.6-0.8dn, max-

An example of CCM to C-QCM transition near half bus
voltage is shown in Fig. 15. The inverter will operate in
C-QCM when (‘/bus — AVQCM)/Z < Ve < (‘/bus + AVQCM)/Q,
otherwise it will operate in CCM. AVqcw is the width of QCM.
To ensure current quality, the envelope of inductor valley current
iy should be continuous at the transition between CCM and
C-QCM. The inductor valley current in C-QCM is designed by
the following equation:

tya = 20ac — ipk,ﬁt Vae=(Vius—AVocm) /2" (16)

In C-QCM, the switching period and time intervals can be
calculated using the control variables i, and dy;. In D-QCM,

The flowchart of the optimal control strategy is shown in
Fig. 16. The inductor peak current reference ipy g is calcu-
lated by (11), (12), and (13) first. Then, it is compared with
2i,¢ ref to determine whether the operating mode is continuous
or discontinuous. Next, the sampled output voltage v, is used
to determine whether the inductor current waveform should be
triangular or quadrilateral. Finally, the control variables of the
corresponding operating mode are calculated.

V. SIMULATION RESULTS

To demonstrate the proposed VSF multimode control scheme,
simulations are executed in various conditions using the param-
eters in Table I. The simulation software used is PLECS and the
control scheme is implemented by the C-Script block.

The state-plane trajectory and simulation waveforms of the
proposed control strategy in unity and nonunity PF operations
are shown in Figs. 17 and 18, respectively. Since the output
current i,. is small near v, = 0 in unity PF operation, QCM
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of the V-I plane in unity PF operation and simulation waveforms at (b) 1000 W,
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Fig. 18. (a) Optimal operating mode and state-plane trajectory on Quad-
rant I of the V-I plane in nonunity PF operation and simulation wave-
forms at (b) 1000 VA, (c) 600 VA, and (d) 200 VA. Condition: PF = 0.9,
current leading.

near v,. = 0 is unnecessary. Otherwise, QCM is used near v,
= 0 in nonunity PF operation.

As shown in Fig. 17(a), the black line represents the full
load operation at PF = 1. The inverter will operate in CCM
when the instantaneous power is high. As the instantaneous
power decreases, the inverter will operate in C-QCM or BCM
automatically and finally operate in DCM. In medium load, e.g.
the blue line in Fig. 17(a), the inverter will operate in BCM at the
peak of the instantaneous power. In light load as the red line in
Fig. 17(a), the inverter will operate in DCM or D-QCM during
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the whole line cycle. The corresponding simulation waveforms
in the unity PF operation are shown in Fig. 17(b)—(d).

Similarly, in nonunity PF operation, the trajectories of three
cases are shown in Fig. 18(a). The inverter will operate in both
continuous and discontinuous operating modes in heavy load
while only operating in a discontinuous operating mode in light
load. The corresponding simulation waveforms in nonunity PF
operation are shown in Fig. 18(b)—(d).

The key waveform of capacitor voltage balancing is shown
in Fig. 19. The line frequency ripple is filtered by the dc-link
capacitors as in a conventional single-phase voltage source
inverter. As shown in Fig. 19, the twice-line-frequency ripple
voltage is only 5 V, which is quite small compared to the bus
voltage. The line frequency ripple voltage of the two capacitors is
about 17 V. The average voltages of the two capacitors are around
200 V, and they are well balanced with the voltage balancing
control.

The power losses of the conventional CSF scheme and the
proposed VSF multimode control scheme are estimated and
compared using the parameters given in Table I, including P.onq.,
Pgy, and P,g. To make the comparison more reasonable, the
inductor peak current limit 7,k jimit is the same in CSF and VSF
methods. Since Ik 1imi¢ is 7.88 A, the switching frequency is
100 kHz in CSF and varies within 25-100 kHz in VSF control.
The results are shown in Fig. 20. The device loss is reduced
greatly by using the proposed optimal VSF scheme, especially in
light load. Even though power loss in QCM operation is slightly
higher, the proposed scheme can save total power loss in the
whole load range.

Fig. 21 shows the ripple of the output current i,. in the
simulation. The total harmonic distortion (THD) is also shown
in Fig. 21. For the conventional CSF control scheme, the output
current ripple is large when the output voltage is around Vi,,¢/2.
The VSF control will reduce the ripple peaks near Vi,,s/2 due
to the adoption of QCM and thus the THD is improved at the
1-kW output condition. However, the THD with VSF control
will be higher than that with CSF control when output power
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Fig.21.  Output current ripple and THD in the simulation at (a) 1 kW, PF =1,
(b) 600 W, PF = 1, and (c) 200 W, PF = 1.

decreases due to the decreasing switching frequency. To meet
the THD requirements of the grid, it is recommended to set a
lower bound for the switching frequency. As the study in [31]
suggests, the minimum switching frequency should be higher
than twice the LCL filter resonant frequency.

VI. EXPERIMENTAL VALIDATION

A 1-kW T-type hybrid-bridge inverter prototype is built as
shown in Fig. 22. The power stage design is the same as that for

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

Control & Sampling
Circuits

\\\\\

S

Inverter-side
Inductor

Fig.22.  1-kW T-type hybrid-bridge five-level inverter prototype.

a conventional inverter with a CSF control method. The inductor
is usually designed based on the ripple current at maximum
output power. The circuit parameters are also listed in Table 1.
A DSP TMS320F28377S is used as a digital controller with a
200 MHz system clock. A 25-kHz interrupt frequency is used
to implement the proposed VSF control scheme. A dc voltage
source is connected to the input port to provide a constant voltage
dc bus. For safety considerations, the output port is connected to
an ac voltage source in parallel with a resistive load to emulate
the grid.

The experimental waveforms are shown in Figs. 23 and 24.
In full load and unity PF condition, as shown in Fig. 24(a), the
inverter operated in CCM with high switching frequency at high
instantaneous power and DCM with low switching frequency
at low instantaneous power. Besides, C-QCM is used and the
zoom-in waveform shows that the inductor valley current is con-
tinuous at the transition between C-QCM and CCM. Fig. 24(b)
shows that the inverter operated in BCM at peak power in a
line cycle in medium load (600 W), which is consistent with the
previous analysis shown in Fig. 17(a). In Fig. 24(c), the inverter
operated in DCM and D-QCM in the whole line cycle in light
load. The zoom-in waveform shows the transition from D-QCM
to DCM. In Fig. 24(d), the inverter operated in full load and
nonunity PF condition. As shown in the zoom-in waveform, the
inverter operated in DCM when the output current is positive
and the output voltage is negative. Then, the inverter ran into
D-QCM when the output voltage is near zero-crossing. As the
instantaneous output voltage increases, the inverter operated in
CCM again.

The efficiency of the proposed optimal VSF scheme is shown
in Fig. 25. The conventional CSF scheme is also implemented on
the same prototype to make a reasonable comparison. The results
show that the proposed VSF scheme can improve efficiency,
especially in light to medium loads. In nonunity PF operation, the
addition of QCM will slightly decrease the efficiency. However,
the efficiency of the VSF scheme is still higher than that of the
CSF scheme over a wide power range. The weighted average
efficiency according to CEC and EU efficiency is calculated and
summarized in Table III. Compared with the CSF scheme, the
proposed VSF scheme can improve the weighted efficiency by
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TABLE III
PERFORMANCE COMPARISON BETWEEN CSF SCHEME AND THE PROPOSED
VSF MULTIMODE SCHEME

CSF, VSF, CSF, VSF,

pr=1 | Pr=1 | PF=09 | PF=09
CEC officiency | 97.52% | 98.50% | 9731% | 97.94%
EUcfficiency | 97.14% | 98.44% | 97.04% | 97.66%
THD (Rated | 5 050, | 47919 | 8.150% | 4.945%
Power)

about 1% in unity PF operations and about 0.6% in nonunity PF
operations.

The THD at rated power (1 kW) is measured and shown in
Table III. In the CSF scheme, the THD is poor due to the current
distortion near voltage zero-crossing and Vy,,s/2. The reason is
that the CSF scheme employs the same control method as the
VSF scheme for simplicity, which does not sample the average
inductor current and differs from the conventional PI control.
When the output voltage approaches 0 or Vi,,¢/2, the switches
will not turn ON because the duty cycle is smaller than the dead
time (400 ns in the prototype), leading to current distortion.
The THD is even worse in nonunity operation because current
distortion is more severe both at v,. = 0 and V},,4/2 since the
current amplitude is larger.

For the proposed VSF scheme, current distortion near zero-
crossing and Vi,,4/2 is mitigated due to QCM operation, and
thus the THD is slightly improved. The harmonic spectrum of
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Fig. 24. Experimental waveforms in half-line cycle at (a) 1 kW, PF = 1,
(b) 600 W, PF = 1, (c) 200 W, PF = 1, and (d) 1 kVA, PF = 0.9, current leading.

VSF control is shown in Fig. 26. There are several factors that
contribute to harmonics in different frequency ranges. Since
the inductor current is controlled by the calculated on-time
and the valley inductor current, the turn-ON delay, dead time,
and sampling errors can lead to inaccurate current tracking,
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which are the main factors of lower-order harmonics (mainly
the third-order harmonic). Meanwhile, higher-order harmonics
(mainly above the 20th order) are caused by oscillations under
DCM operation due to nonuniform turn-ON [32]. Furthermore,
THD improvement can still be expected using approaches like
third harmonic injection, suitable compensation, and valley-lock
method during DCM operation.

VII. CONCLUSION

This article proposed a VSF multimode control method for
single-phase multilevel inverters in both unity and nonunity
PF operation. First, this article demonstrates that the operating
points of the inverter in the entire VI plane can be mapped into
a small region AT: {(vac,%ac)]|0 < Ve < Vous/2, 0 < dye <
Toc.max } in Quadrant I, which dramatically simplifies the loss
analysis. Therefore, the optimal operating mode and switching
frequency of all operating points in the V-I plane can be derived
simply by obtaining the optimal solution in Region A 1. The
optimization is conducted to minimize the power loss of the
switches including the conduction loss, switching loss, and
Coss loss, which are usually the dominant power losses of the
inverter. A VSF multimode strategy is proposed to optimize the

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 38, NO. 9, SEPTEMBER 2023

loss components since the instantaneous output power always
changes in a line cycle. To avoid the current distortion caused
by minimum duty cycle limitation, the transition mode QCM
has adopted near the zero-crossing point and half bus voltage
in this work. The design consideration of the QCM is discussed
considering the smooth transition and the saving of power loss.
Finally, a T-type hybrid-bridge five-level inverter prototype is
built to verify the proposed scheme. Simulation and experiments
show the effectiveness of the proposed VSF multimode scheme.
Compared with conventional CSF control, the proposed VSF
scheme can optimize efficiency over a wide power range. The
weighted average efficiency of the proposed VSF control is
improved about 1% in unity PF operation and about 0.6% in
nonunity PF operation.
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