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Abstract—Cascaded multicell inverter (CMI), featured by its 

merits of modularity and fault-tolerance, is suitable for medium-

voltage applications without using bulky step-up transformers. 

However, little research has reported grid-forming control of the 

CMI for the application in the power grid with high penetrations 

of inverter-interfaced generation. To bridge this research gap, this 

paper proposes a novel droop control strategy for the CMI with a 

low-frequency modulation to offer inertia and reactive power 

support to the power grid. A decoupled Q/V droop control strategy 

is proposed to eliminate the coupling effect from the P/ω control 

loop caused by the phase-angle difference between the voltages of 

the CMI and the grid. The output of the Q/V control loop is set as 

the reference voltage for each cell of the CMI, which makes the 

CMI naturally a voltage source to provide a grid-forming 

capability. Finally, the proposed control strategy shows great 

active and reactive power regulation and sharing capability, which 

is validated by simulation on two 100 kW, 2.4 kV CMIs connected 

in parallel to a power grid.  

Keywords—cascaded multicell inverter (CMI); decoupled droop 

control, low-frequency modulation (LFM). 

I. INTRODUCTION 

Multilevel inverter (MLI) has been considered as a 
promising technology for integrating large-scale renewable 
energy generation in the medium-voltage (MV) power grid. 
Among the basic MLI topologies, cascaded multicell inverter 
(CMI) with separate dc sources and inverters is featured by its 
merits of modularity, fault-tolerant ability, and simplicity of 
control [1]-[3]. Each cell of CMI consists of an isolated dc 
source and an inverter which is connected in series with that of 
other cells. The switches in each individual cell can work either 
with a high-frequency pulse-width modulation (PWM) or a low-
frequency modulation (LFM) method [2]. Compared with the 
CMI using a high-frequency PWM, the CMI using an LFM 
requires a few more series-connected cells (about 10 cells) to 
output a near sinusoidal voltage waveform to meet the total 
harmonic distortion (THD) requirement. However, the LFM 
leads to a higher-efficiency CMI and easier thermal 
management for the power electronic switches and removes the 
need for bulky filters [4]. Moreover, by using an appropriate 
selected harmonic elimination (SHE) approach [4], [5], the 
harmonics injected into the power grid could be mitigated. On 

the other hand, the use of more cells could enhance the fault-
tolerant ability of the CMI because it allows failure of one or 
more cells while satisfying the output voltage magnitude and 
THD requirements. These advantages make the CMI with an 
LFM a promising technology for MV applications.  

With the increasing proportion of the inverter-interfaced 
renewable generation to gradually replace the fossil fuel-based 
generation in the power grid, the concept of grid-forming 
converters (GFCs) has been introduced to tackle the low-inertia 
issue and the frequency stability issue associated with that 
transition [6]. Droop control with the P/ω and Q/V control loops 
is one of the most commonly used control strategies for the 
GFCs [6]. However, most of the research of GFCs focused on 
the inverters which generate sinusoidal voltages by a high-
frequency PWM [7]-[13]. There is little research on the grid-
forming control of the CMI with an LFM, which has a different 
control architecture compared with the inverters using a high-
frequency PWM with bulky filters.  

A fundamental assumption of most classical droop control 
strategies is that the phase-angle difference between the voltage 
of the inverter and the voltage of the grid is very small [6], [12], 
[13]. With this assumption, the Q/V droop control loop can be 
decoupled from the P/ω control loop and designed 
independently. However, due to the excellent scalability of the 
CMI, in MV applications, the CMI would have the capacity to 
deliver a large amount of active power to the grid. As the 
consequence, the phase-angle difference between the voltages 
of the inverter and the grid could be large, resulting in a coupling 
effect between the P/ω and Q/V control loops. In this 
circumstance, if there is a large frequency drop in the grid, the 
active power and the phase-angle difference will be controlled 
to increase based on the P/ω droop characteristic, but the steady-
state reactive power will deviate from its set point due to the 
increase of the phase-angle difference. Therefore, the reactive 
power will be affected by the increase of the active power and 
cannot be controlled independently using the traditional droop 
control strategies. This is a specific problem with the traditional 
droop control strategies in the application of CMI with a large 
active power capacity. However, little research on decoupling 
the P/ω and Q/V droop control loops in the case of large phase-
angle difference has been reported in the literature. 
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To address these issues, this paper proposes a decoupled 
droop control strategy for the CMI with an LFM. A coupling 
term and an integrator are introduced in the Q/Vg control loop to 
eliminate the coupling effect from the P/ω control loop. With 
the proposed strategy, the CMI with an LFM can operate as a 
GFC to offer an inertia to the grid with an accurate active and 
reactive power regulation and sharing capability. 

II. DECOUPLED DROOP CONTROL FOR CMI USING AN LFM 

A. Overall Architecture of the CMI  

The overall structure of the CMI with the proposed 
decoupled droop control strategy is illustrated in Fig. 1. Each 
cell of the CMI consists of a renewable energy generation device 
(e.g., a PV array), an isolated dc-dc converter which has an 
energy storage system (ESS) connected in parallel, a dc-dc boost 
converter, and a full-bridge inverter. The isolated dc-dc 
converter can be controlled to enable a maximum power 
generation from the renewable source. The use of the ESS 
guarantees a stable power supply for the dc-dc boost converter. 
The full-bridge inverter uses an LFM and outputs a modified 
square-wave voltage of the utility frequency. Multiple cells are 
connected in series to output a staircase voltage waveform which 
is close to a sinusoidal wave of the utility frequency and meets 
the THD requirement. The output current is filtered by an 
optional inductor LP to meet the current THD requirement of the 
grid (e.g., < 5%) [14]. It should be noted that the filtering 
inductor LP would not be necessary if either a virtual inductive 

impedance control [6] is introduced or the total line impedance 
is sufficiently large to filter out the harmonics of the output 
current to satisfy the current THD requirement [14].  

A decoupled droop control strategy, which includes a 
traditional P/ω droop control loop and a decoupled Q/Vg droop 
control loop, is proposed for the CMI with an LFM. As shown 
in Fig. 1, in the proposed Q/Vg droop control loop, a reference 
value of the reactive power Q* is firstly generated from a droop-
like outer voltage loop; then, the actual reactive power Q is 
controlled to follow the reference value Q* through an inner 
reactive power control loop using an integrator. Moreover, the 
phase-angle difference δ between the output voltage of the CMI 
and the grid voltage is introduced in the outer voltage loop, i.e., 
cos δ, to eliminate the coupling effect from the active power P/ω 
droop control loop. The control variable θref calculated by the 
P/ω droop control loop is used for the LFM of the full-bridge 
inverters, while udc calculated by the Q/Vg droop control loop is 
set as the reference output voltage for the dc-dc boost converter 
in each cell. 

B. Proposed Decoupled Droop Control Strategy  

Assuming that the total impedance of LP and line impedance 
ZL is nearly purely inductive, the P/ω droop control expressions 
can be written as: 

 ( ) ( )0 p 0P P k ω ω− = − −  (1) 
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where kp is the gain of the frequency droop characteristic; (P0, 
ω0) is the fixed set point on the P/ω droop line; Vo and Vg are the 
root-mean-square (RMS) values of the fundamental components 
of the CMI output voltage uout and the power grid voltage ug at 
the point of common coupling (PCC), respectively; δ is the 
phase-angle difference between the two voltages and its initial 
value is δ0; and X represents the total inductive reactance 
between the terminal of the CMI and the power grid. 
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Fig. 1. Schematic of the CMI with the proposed decoupled droop control strategy. 
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Fig. 2. (a) The P/ω droop characteristic. (b) The Q/Vg droop lines of two 

inverters with different droop gains kq. 



Normally the CMI in the MV application could deliver a 
large amount of active power to the grid, which makes the phase-
angle difference δ vary in a large range. A large variation of δ, 
caused by the change of the output active power of the CMI, will 
lead to a large variation of the reactive power due to the term cos 
δ in the following equation [15], which is commonly used to 
calculate the reactive power transmission on purely inductive 
lines. 

 
( )g 0 g
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The phase-angle difference δ in (4) is controlled by the P/ω 
droop control loop. Due to the coupling term cos δ, the reactive 
power is indirectly controlled by the P/ω droop control loop, 
indicating a coupling effect between the P/ωg and Q/Vg control 
loops. To eliminate the coupling effect from the P/ω droop 
control loop , an intuitive solution is to introduce a coupling term 
cos δ in the Q/Vg droop control loop to make the control of 
reactive power independent of the variation of δ caused by the 
P/ω droop control loop. Therefore, in the proposed decoupled 
Q/Vg droop control, the reference value of the reactive power Q* 
is generated by a droop-like outer voltage loop with the coupling 
term cos δ, and an inner active power control loop is designed to 
track Q* using an integrator, as shown in Fig. 1. Then, the 
reactive power control loop can be expressed as follows. 

 ( )* *

0 0 q 0( cos )V V k Q Qδ− = − −  (5) 
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where V0
* is the rated RMS output voltage of the CMI whose 

value is set to be the same as the rated RMS grid voltage; kq is 
the gain of the Q/Vg droop characteristic; (Q0, V0 

*) is the fixed 
set point on the Q/Vg droop line; and Q* and kqi are the reference 
reactive power and the gain of the inner integral controller, 
respectively.  

It should be noted that the phase-angle difference δ in (5) can 
be obtained in several ways. First, according to (3), δ can be 
approximately obtained by: 
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Second, the phase of the grid voltage θg can be found by a 
phase-lock loop. Alternately, a Fourier analysis can be 
implemented on the grid voltage at the PCC to obtain the phase 
θg of the fundamental component. Then, the phase difference δ 
is equal to the reference phase θref (in the control loop) minus θg. 

C. Comparison with the Traditional Droop Control 

The P/ω droop control used in this paper is the same as the 
traditional one. The control loop expressed in (1)-(3) is actually 
a nonuniform oscillator [16], and the steady-state frequency ω 
of the CMI output voltage would be the same as the grid 
frequency ωg despite the change of Vo caused by the Q/Vg control 
loop if the following condition meets  
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Thus, the P/ω droop control can be viewed as a P/ωg droop 
control, and the P/ωg droop curve in Fig. 2(a) follows the 
characteristic in (1) in the steady state.  

On the other hand, the reactive power Q in the steady state 
with the proposed decoupled Q/Vg droop control can be 
calculated by (4)-(6) using the final value theorem (FVT) [17]: 
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There is no coupling term cos δ in (9), and the final value of 
Q is independent from the P/ω droop control loop. Furthermore, 
if the value of kqVg is much larger than the value of the total line 
reactance X, the steady state value of Q can be approximately 
calculated as  
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Therefore, the steady-state reactive power has a clear droop 
relationship with the variation of the PCC voltage Vg. As shown 
in Fig. 2(b), if two inverters are connected in parallel to the grid 
and controlled by the decoupled droop control strategy with the 
same set point (Q, V0

*), the reactive power would be shared 
proportionally between the inverters according to the ratios of 
their droop gains kq. When a grid voltage drop occurs at the PCC, 
the parallelly-connected inverters would deliver reactive power 
proportionally based on their Q/Vg droop characteristics. 

In contrast, the traditional Q/V control can be expressed as  

 ( )*

0 q 0( )V V k Q Q− = − −  (11) 

By combining (4) and (11) and applying the FVT, the 
steady-state reactive power Q of the inverter using the traditional 
Q/V droop control is 
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Supposing that the value of kq Vg cos δ is much larger than 
the value of the total line reactance X, the equation (12) can be 
simplified as  
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Compared with (12) and (13), there is no coupling term cos 
δ in (9) and (10), showing that the proposed Q/V reactive power 
control is independent from the P/ω active power control. 
Furthermore, the proposed reactive power control has a linear 
Q/Vg droop characteristic as expressed in (10) if the product of 
kq and Vg is much larger than the value of reactance X.  

D. The LFM Based on the Area Equivalent Principle 

The control variable θref is used for the LFM of the full-
bridge inverters, while udc is set as the reference output voltage 
for the dc-dc boost converters. The LFM is based on the area 
equivalent principle. Take cell C1 as an example. The inverter 
of C1 aims to make the top rectangular area with the solid yellow 
line be equal to the area below the green sinusoidal wave with 



the diamond grid patten, as shown in the top plot of Fig. 3. To 
this end, t1~t4 can be easily calculated.  

Since the inverter in each cell only regulates the phase of the 
CMI output voltage uout, another reference signal, which is the 
dashed-line sine wave with unity amplitude in the bottom plot 
of Fig. 3, is utilized to compare with the modulation square wave 
with the amplitude href. The value of href can be determined by 
making the reference wave intersect the modulation wave at the 
times t1, t2, t3, and t4. As shown in the red shaded area of Fig. 3, 
when the reference wave is higher than that of the modulation 
wave during the first half cycle, the inverter of the cell C1 will 
output a positive pulse. On the contrary, when the reference 
wave is lower than that of the modulation wave during the 
second half cycle, the inverter of the cell C1 will output a 
negative pulse. As a result, the full-bridge inverter of the cell C1 
outputs a modified AC square wave at t1~t2 and t3~t4 with a 
magnitude udc. The amplitude href of the modulation square wave 
of other cells can also be determined by a similar process. 
Moreover, the control variable θref is set as the phase of both the 
sine reference wave and the modulation square wave of each 
cell.  

III. SIMULATION RESULTS IN A MV APPLICATION 

A 2.4 kV, 50 kW, single-phase CMI with 10 cells is set up 
in MATLAB/Simulink to validate the proposed control strategy. 
To simplify the simulation, it is assumed that the isolated dc-dc 
converter, connected in parallel with an ESS, can be controlled 
to guarantee a sufficient power supply for the dc-dc boost 
converter, and the dynamics of the DC-link voltage udc, which is 
controlled by the dc-dc boost converter, should be much faster 
than that of the power control loops. Thus, the DC-link voltage 
of each cell is emulated by using a controlled ideal DC voltage 

source. The simulation is carried out with two inverters, CMI 1 
and CMI 2, which are connected in parallel to the grid. The two 
inverters share the same parameters except for the droop gains, 
kp and kq. The key parameters are listed in Table I. In the 
simulation, the phase-angle difference is calculated by the 
reference phase θref (in the control loop) minus the grid voltage 
phase θg obtained from the Fourier analysis on the grid voltage 
at the PCC.  

A. Simulation with a Drop of the Grid Frequency 

In the simulation, the initial launch process of the CMIs and 
their response to a 0.1% drop in the grid frequency from 0.3 s 
until the end of the simulation are analyzed. As shown in Fig. 4, 
the output current of the CMI 1 reached a steady state at about 
0.15 s after launching; and it took the CMI 1 0.2 s (from 0.3 s to 
0.5 s) to stabilize the amplitude of the output current after the 
drop of the grid frequency. Both the voltage and current meet 
the THD < 5% requirement in the steady state, and the low-order 
harmonics take the major portion of their FFT spectra, as shown 
in Fig. 5. Since CMI 1 and CMI 2 share the same parameters 
except for the droop gains, the voltage and current waveforms 
of the CMI 2 are similar to those of the CMI 1. Fig. 6 shows that 
both CMIs can quickly synchronize their frequency with the grid 
frequency both in the steady state and after the drop of the grid 
frequency.  

As shown in Fig. 7, the output active power P of both CMIs 
is stabilized at the set point of 100 kW after the initial launch 
process. Then, the active power of the CMI 1 followed the 
designed P/f droop characteristic and increased by 18.3 kW in 
the steady state after the drop of the grid frequency. Similarly, 
the steady-state active power of the CMI 2 is increased by 36.6 
kW, which is twice the active power increase of the CMI 1 
because the ratio of kp2 and kp1 is 0.5. The phase-angle difference 
δ of the volage of CMI 1 and the grid voltage is increased from 
11.0º to 13.2 º, while the phase-angle difference δ of the volage 
of CMI 2 and the grid voltage is increased from 11.1º to 15.0º. 
These values are close to the results calculated using (7). Despite 
the changes of δ and the active power, the reactive power of both 
CMIs could always be stabilized at their set point Q0 of 0 Var, 
as shown in Fig. 7. The results validate that the reactive power 
control is decoupled from the P/f control loop.  

 

 
Fig. 4. Output voltage and current of the CMI 1 with a 0.1% grid frequency 
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Table I:  Parameters of the CMIs, their Decoupled Droop Control 

Strategies, and the MV Grid Used in the Simulation Study. 

MV Grid 

Vg 2.4 kV ωg 120π rad/s ZL ωgLL LL 15 mH 

Control Parameters of CMI 1 

V0
* 2.4 kV ω0 120π rad/s P0 100 kW kp1 0.0002 

kq1 0.1 kqi 0.1414 Q0 0 Var Lp 15 mH 

Control Parameters of CMI 2 

V0
* 2.4 kV ω0 120π rad/s P0 100 kW kp2 0.0001 

kq2 0.05 kqi 0.1414 Q0 0 Var Lp 15 mH 
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Fig. 3. The LMF strategy of the CMI. 



 

 
Fig. 5. FFT analysis of the results of the CMI 1 after 0.5 s: output voltage (top) 

and output current (bottom). 

 

Fig. 6. Frequency synchronization of the CMIs with the grid after the launch 
process and the 0.1% grid frequency drop. 

 
Fig. 7. Active and reactive power outputs of the CMIs with a grid frequency 
drop. 

B. Simulation with a Drop of the Grid Voltage 

The RMS value of the grid voltage Vg is set to gradually 
decrease from 2.4 kV to 2.0 kV within 0.1 s, starting at 0.05 s 
after the CMIs reached the steady state as discussed in Section 
III.A. As shown in Fig. 8, after the drop of the grid voltage, the 
RMS output voltage of the CMI 1 drops from 2460 V to 2116V 
while the output current increases to offer more reactive power 
support for the grid. Fig. 9 shows that both the voltage and 
current meet the THD < 5% requirement in the steady state after 

0.35 s. The voltage and current waveforms of CMI 2 are similar 
to those of the CMI 1 and, thus, are not plotted.  

Fig. 10 shows that the angular frequencies of both CMIs 
could follow the grid frequency and be stabilized at their set 
point ω0. As shown in Fig. 11, the output active power P of both 
CMIs is stabilized at the set point of 100 kW in the steady state, 
while the reactive power generated by the CMIs in the steady 
state is proportional to their Q/Vg droop gains. However, there is 
a small error between the simulated reactive power and the 
values calculated by (10). For example, the reactive power of 
CMI 1 is stabilized at about 3600 Var, which is lower than the 
set point value of 4000 Var obtained from the Q/Vg droop curve 
expressed by (10). The error between the simulated reactive 
power and the value obtained from the designed droop curve is 
caused by the reactance of the line, which is about 5% of the 
value of kq1Vg and about 10% of the value of kq2Vg for the CMI 
1 and CMI 2, respectively. As shown in (9), the error can be 
reduced by increasing the droop gain of the reactive power 
control loop (i.e., increasing the power capacity of CMI). When 
the CMI is connected to a higher-voltage grid, this error could 
also be reduced. Nevertheless, despite the large phase-angle 
difference (about 11º for both CMIs), the two CMIs using the 
proposed decoupled droop control strategy can still output the 
reactive power proportionally according to the ratio of their 
reactive power droop control gains.  

 
Fig. 8. Output voltage and current of the CMI 1 with a grid voltage drop. 

 
Fig. 9. FFT analysis of the results of CMI 1 after 0.35 s: output voltage (top); 

output current (bottom).  
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Fig. 10. Frequency synchronization of the CMIs with a grid voltage drop. 

  
Fig. 11. Active and reactive power outputs of the CMIs with a grid voltage drop.  

IV. CONCLUSIONS AND FUTURE WORKS 

This paper proposed a decoupled P/ωg and Q/Vg droop 
control strategy for CMIs using LFM. The voltage and phase 
references generated by the droop control loops were used to 
control the output voltage of the dc-dc boost converter and the 
phase of the inverter in each cell, respectively. Simulation 
results validated that the proposed Q/Vg droop control was 
successfully decoupled from the P/ω control loop of the CMIs. 
The simulation results also revealed that parallelly-connected 
CMIs using the proposed decoupled droop control strategy 
could share both the active power and reactive power 
proportionally based on the ratios of their droop control gains.  
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