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Abstract— Cascaded Connected Microinverter (CCM) system
takes the advantage of adapting low voltage stress submodules to
build the high voltage output, which makes it easier and safer to
achieve for many applications. The distribution of active and
reactive power in the CCM system has always been
interdependent, resulting in additional communication
components in different submodules. Such communication
components within different submodules can be avoided by droop
control. Droop control is widely adopted in parallel inverter
system, and it originates from the synchronous generator that
active power is controlled by adjusting synchronous generator’s
frequency and reactive power is controlled by adjusting its output
voltage. However, the traditional droop control is not suitable for
the cascaded microinverter inverter system. Therefore, it’s
necessary to modify the droop control to make it suitable for
Cascaded Microinverter system, and therefore a control method
called inverse droop control is adopted for cascaded inverter
system under island mode. However, it requires a large feeder
inductor when it’s grid connected since every submodule works as
voltage source inverter. In this paper, a duality control method
that feedbacks each submodule’s active power and reactive power
to adjust its inductor current amplitude and frequency
respectively is proposed. Compared with traditional cascaded
inverter system that’s controlled by inverse droop control method,
the big line frequency feeder inductor is saved.

L INTRODUCTION

Distribute generator has been widely studied recently for
new energy resources applications, such as photovoltaic(PV)
panel, wind turbines, and tidal energy converter. In the medium
voltage area, the typical structure of a PV power plant is shown
in Fig. 1. It consists of a three-phase inverter, a three-phase
medium-voltage transformer, and plenty of PV panels. This
structure has been commercially used for decades and the
power rating can reach to megawatt level [1]. However, the
system efficiency is relatively low since only centralized
maximum power point tracking (MPPT) control can be
performed. Moreover, the bulky and heavy line-frequency
transformer significantly increases the whole system's cost,
volume, and weight [2]. To solve this issue, the microinverter
has been proposed. However, traditional microinverter can only
output relatively low AC voltage for residential and commercial
applications. Instead, Cascaded Connected Microinverter

Medium Voltage|
transformer

(CMI) can adopt low voltage submodules to achieve a high
voltage output for medium voltage applications without using
the bulky line-frequency transformer [3]-[5]. Therefore, both
the weight and volume of the whole system can be greatly

Fig. 1 Traditional grid-tied medium voltage solar inverter system.

reduced. By replacing the submodule of CMI with a
microinverter, every submodule of CMI can perform its own
MPPT, which can realize relatively higher solar conversion
efficiency than the typical structure does, and this structure is
also called cascaded connected micro-inverter (CCM).
Furthermore, with the development of wide bandgap devices,
the low voltage, low conduction loss, and high switching speed
Gallium Nitride(GaN) devices can be utilized to achieve
extremely high power density converter design [6]-[9].
Therefore, by adopting these low voltage GaN devices for the
submodule design of CCM, very high-power density inverter
systems with high output voltage can be achieved.

In the CCM system, power-sharing and communication
within different submodules are two hot issues that are vastly
investigated. These issues could be easily solved if the CCM
system is controlled in a centralized structure. The centralized
structure requires a central calculation unit to burden all the
calculation tasks and all submodules’” ADC data should be
transferred to the central unit. This central unit spreads out the
PWM signals to every submodule after finishing all the
calculations [10]. As a result, it is very suitable for the case that
all submodules can be integrated into one PCB board in low
power and low voltage applications. However, for medium
voltage applications, the distance between two submodules
becomes far, such a centralized control structure will be more
difficult to be realized. In this case, the high-bandwidth
communication system must be adopted to synchronize all
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submodules’ phases. For example, Reference [11] adopts a
high-bandwidth interconverted communication system to
transmit time-critical control signals within different
submodules. Under such circumstances, the hardware cost is
much higher with relatively lower robustness. To solve these
issues of the central control structure, different methods have
been proposed in [12], [20], which mainly focus on
communication-free solutions. In general, they can be divided
into two categories based on whether the droop control is
adopted. The droop control method originates from the
synchronous generator that active power is controlled by
adjusting the synchronous generator’s frequency and reactive
power is controlled by adjusting its output voltage. This control
method has been successfully adopted in the parallel-inverter
system, where the communication among different submodules
can be totally avoided. Reference [12] applies the droop control
concept into CCM system so that the communication can be
totally avoided, and it is also named inverse droop control.
Reference [13]-[21] doesn’t adopt inverse droop control to
synchronize the submodules’ phase, instead, each submodule
directly samples the point of common coupling (PCC) voltage
to synchronize its phase. Although the communication can be
avoided, the measurement circuits for PCC voltage are still
required for each submodule. Therefore, they are still
communication-dependent systems since every submodule
should obtain PCC voltage information. Generally speaking,
these methods make each submodule of the cascaded
microinverter system work as voltage-source inverter. As a
result, the feeder inductor is required if the cascaded
microinverter system is in grid-tied mode while the feeder
inductor can be saved if the cascaded microinverter system
works in island mode. Therefore, the cascaded microinverter
system will become much more unified if the feeder inductor
can be totally removed under both grid-tied and island mode.

Ifthe feeder is removed, then all the submodules should work
as current-source mode which is shown in the Fig.1(A).
Moreover, all submodules should keep the same active and
reactive power distribution. According to the traditional droop
control method for parallel microinverter system, the duality
droop control method for cascaded microinverter can be
derived. Compared with the traditional droop control method
that sets the submodule’s output voltage as control goal, the
duality droop control sets the submodule’ s output current as
control goal. Section II derives the duality droop control
method. Section III shows the control diagram of the proposed
method. Section IV shows the simulation and experiment result
of proposed control method.

II.  THE DERIVATION OF DUALITY DROOP CONTROL FOR
CASCADED MICROINVERTER SYSTEM

For traditional parallel inverter system which is shown on the
right side of figure.1, the active power and reactive power are
controlled by its angle and amplitude respectively which can be
summarized as equation (1). This control law is usually adopted
in parallel inverter system.
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Fig.1 (A)The proposed duality droop control method based current-source
structure for cascaded microinverter system (B) The traditional droop control
method-based voltage-source structure for parallel microinverter system

For the cascaded microinverter system which is shown on the
left-hand side of Fig. 1, one method that is duality to parallel
inverter system can be derived based on droop control law. The
capacitor voltage of each submodule can be expressed as
equation (2). As can be seen in the Fig. 1(A), the feeder inductor
between power grid and inverter system are removed.
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Then the complex power of each submodule can be
expressed as equation (3). It should be noted that the angle 6, is
very small because the current that flows through the capacitor
is very small.
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According to the derivation from equation (3), if [, is
constant, the active and reactive power of the cascaded
microinverter systems is proportional to 6, and (Ig-Ih)
respectively, which can be expressed in equation (4). Compared
with the equation (1) of the traditional droop control, the
proposed control method which is adopted in the cascaded
microinverter system is with duality to it. Moreover, it should
be noted that the sign of 7, is negative, therefore the line of
current amplitude versa reactive power should be tilted up
which is shown fig.2. Therefore, for grid-tied connected
microinverter system,

{ P, x 8, )
Qn (Ig ~Iy)
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Fig. 2 The droop control law for cascaded microinverter system.
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Moreover, according to equation (2), equation (6) can be
derived. Then the complex power that injects to power grid can
be expressed as equation (7). It can be found that the active
power is proportional to the active power and reactive power is
proportional to the (8, — 6,) . Therefore, by adjusting all
submodules’ reference current amplitude simultaneously, the
active power can be adjusted. Moreover, by adjusting all
submodules’ angle phase simultaneously, the reactive power
can be adjusted. Therefore, for central control unit, the control
algorithm is shown in Fig.3.
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Fig. 3 The control algorithm of the central unit

III. THE COMPARISON BETWEEN INVERSED DROOP
CONTROL AND THE PROPOSED CONTROL LAW

Fig. 4 shows one of the control methods which is based on
the inverse droop control®??], It’s consisted of three stages which
are boost stage, LLC stage and inverter stage respectively. The
boost stage adapts primary side voltage as outer loop feedback
variable and inductor current as inner loop feedback variable.
The LLC circuit feedbacks secondary side voltage to adjust the
PWM frequency.

Regarding to the inverter stage, the reactive power is
calculated by sampling each submodule’s output voltage and
current. Then the output active power and reactive power can
be calculated respectively. After that, the inverse droop control-
method based algorithm that adjusts each submodule frequency
according to its reactive power is adopted.

Different from the previous control method, the proposed
duality control method under island mode in this paper is shown
in Fig. 5. For the boost stage and LLC stage of every
submodule, the control method is the same. For the inverter
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Fig. 4 Fully decoupled active and reactive power control for CCM system.
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stage, the output current and voltage are sampled and filtered
out by the low pass filter. Then the reference current amplitude
Iy is adjusted according to each submodule’s reactive power and
the frequency f; is also adjusted by each submodule’s active
power. After the reference current is generated, then a typical
PI controller is adopted to control submodule’s output current.

If the two control methods shown in Fig. 4 and Fig. 5 are
compared, it can be found that there are two droop control line
in Fig. 5 while there is just one droop control line in Fig. 4. This
means the control law shown in Fig. 5 can control two degrees
of freedom simultaneously. Moreover, the method shown in
Fig. 5 makes the microinverter works as current source inverter
while the method shown in Fig. 4 makes the microinverter
works as voltage source inverter. Therefore, this is the reason
why the feeder inductor between power grid and microinverter
system can be removed.

Based on the duality droop control method for island mode,
the grid-tied duality control method is shown in Fig. 8. For the
central control unit, the A/, and Aw, are calculated respectively
according to P and Q,. Then the generated Al; and Aw, are sent
to all the local controllers for the desired total active power and
reactive power injected to power grid. Generally speaking, the
proposed duality droop control for the local controller is to
guarantee the power is averagely distributed among all the
submodules, while the central control unit is to ensure the
desired active and reactive power injected to the power grid. In
order to transmit the A, and Awg to local controller, therefore
the communication part is needed within the local control units
and the central control unit.

IV. SIMULATION RESULT

Inverter's Output Voltage(V)

PCC Voltage(V) & Current{Ay* 10

Reactive Power(Var)

Active Power(W)

frequency
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Fig. 6 The simulation result when the CCM system is with the duality
control method shown in Fig. 5

The simulation result shown in Fig. 6 is in island mode with
duality control, the PCC voltage is set as 100V/60Hz, and the
active power ratio is set as 1.2:1:0.8, while the reactive power
ratio is set as 1.2:1:0.8.
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Fig. 5 The proposed duality control method for island microinverter system
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Fig. 7 The simulation result when the CCM system is with the duality
control method shown in Fig. 8

The simulation result shown in Fig. 7 is in grid-tied mode
with duality control, the grid voltage is set as 100V/60Hz, and
the active power ratio is set as 1.2:1:0.8, while the reactive
power ratio is set as 1:1:1. From the simulation result, it proves
the feasibility of the proposed control method.

F3—Ts Tout * Vout *

V. EXPERIMENTAL RESULT

Fig. 9 The prototype of three microinverters in cascaded

Fig. 9 shows the experimental setup of three submodules in
cascaded. Each submodule is constituted by a power board and
a control board. The calculation task is finished by DSP28335.

Fig. 10 shows the experimental result under island mode with
the inverse droop control based method shown in Fig. 4, and
the active power of three submodules is set as 1.2:1:0.8, and the
PCC voltage is set as 100V/60Hz. Blue, red and black
waveforms are the output voltage of the three converters, and
the orange yellow waveform is the PCC voltage current. Fig. 11
shows the shows the experimental result with duality control
shown in Fig. 5, and the active power of three modules is set as
1.2:1:0.8 under island mode. The PCC voltage is set as
100V/60Hz. Blue, red and black waveforms are the output
voltage of the three converters, and the orange yellow
waveform is the PCC voltage current. Both the results shown in
Fig. 9 and Fig. 10 are very close to each other.
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Fig. 8 The proposed duality control method for grid-tied microinverter system
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Fig. 11 The experimental result when three microinverter in cascaded

VI. CONCLUSIONS

This paper proposes a new duality droop control method [14]
which is suitable for cascaded inverter system. By this method,
every inverter submodule works as current source inverter, and
the feeder inductor can be removed under grid tied mode.

Moreover, the inverse droop control method and the proposed [15]
duality control method are compared in the experimental result.
The simulation result proves the feasibility of the proposed

control method under both island and grid-tie mode. The  [16]
experiment result proves the proposed control method is
feasible under island mode. In the future, the grid-tied

experimental will be conducted.
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