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Abstract -- Parallel-operated inverters with common dc and ac 
bus can be used as interface for dc systems connecting to an ac 
network. High cost and complicated wiring of communication are 
main drawbacks of communication-based current-sharing 
methods for parallel system. Many new communication tools, e.g. 
Power Line Communication (PLC), Bluetooth and Zigbee 
modules, are cheap and require no extra wire connection, but 
have low communication bandwidth and low data rate, which 
result a large communication delay and zero-order-hold period 
that could cause stability issues if used to transmit control signals. 
This paper presents a method to mitigate the instability issue 
caused by communication effects, in parallel gird-tied inverter 
system with master-slave current-sharing control. Firstly, the 
master-slave current-sharing control scheme is introduced. Then, 
the influence of communication delay and zero-order-hold on the 
system is analyzed. And design criteria to reduce the influence of 
low-bandwidth communication (LBCom) is studied and 
determined. New approaches, by designing current reference 
low-pass-filter and voltage feed-forward loop in slave modules, 
are introduced. Performance of proposed control structure and 
design criteria are experimentally verified. With the proposed 
method, LBCom tools can be applied to systems with master-
slave control architecture, while keeping the robustness and 
transient performance, with improved modularity and operation 
flexibility. 

Index Terms-- Master-Slave control, Parallel inverter, Low-
bandwidth communication, Delay effects, Time delay 

I.   NOMENCLATURE 

𝛼 System overall open-loop gain 
𝛽 Ratio of voltage controller integral gain over 

proportional gain  
C Dc link capacitance 
err Dc link voltage error 
𝑓  Switching frequency 
𝐼 ,  RMS value of total current injected into the grid 
𝐼  Output of slave feedforward controller 
𝐼  The current magnitude reference for nth inverter 
𝑖  Output current of nth inverter 
𝐼 ,  RMS value of output current of nth inverter 
K Linearized feedforward gain 
𝐾  Feedforward coefficient 
𝑘  Proportional gain of voltage PI controller 
𝑘  Integral gain of voltage PI controller 
𝐿  mth inductance of nth inverter 
𝑃  Input power 
𝑡  Current reference low pass filter time constant 
∆t1 Communication transmission delay 

∆t2 Zero-order-hold sample interval 
𝑉  Dc link voltage 
∆𝑉  Amplitude of dc link voltage ripple 
𝑉 ,  Reference of dc link voltage 
𝑣  Grid voltage 
𝑉 ,  RMS value of Grid voltage 

II.   INTRODUCTION 

More and more distributed dc systems, like solar farms and 
dc microgrids, are connecting to the utility grid as an important 
way to harvest renewable energy, and will keep playing an 
important role in the future smart grid. Voltage source inverter 
(VSI) is critical to interface these distributed dc systems with 
utility ac grid [2]. With the growing demands of dc systems, 
the needs of VSI with larger capacity and higher flexibility 
have become significant. In most of dc applications, a large-
capacity centralized interfacing inverter is commonly used as 
interface between dc bus and utility grid [3]. Besides 
regulating the output current to be sinusoidal and synchronized 
to the grid voltage, the interfacing inverter is also responsible 
of keeping dc bus voltage stable towards variation of solar 
power output. The single-operated centralized inverter has 
many restrictions in terms of flexibility, reliability and 
scalability, and will face the problem of light load operating 
and higher loss due to using of high current power 
semiconductors or bulky passive components, especially for 
systems with fluctuating power flow [4]. Using close-range 
parallel-operated inverters to replace a central inverter, as 
shown in Fig. 1, can reduce the stress of high current by 
distributing power into multiple modules. Thus parallel-
operated inverters take more advantages in some cases that the 
power can be shared with multiple VSI modules with 
improved redundancy and flexibility [5]-[8]. Such parallel 
module design has been adopted by many commercial 
products in PV [9] and UPS applications [10].  

To achieve power sharing among parallel-operated 
converters, droop characteristic-based control and active load 
sharing control technologies are commonly used [11]. While 
droop control taking advantages of easy implementation and 
high modularity [12]-[13], active load sharing control has 
better performance in terms of voltage regulation and power 
sharing, but requires communication among paralleled 
modules to share information of current reference or current-
sharing error [15]-[17]. Master-slave architecture is one of 
commonly used architectures, which has respective current 
loop controller in each slave module and a common voltage 
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controller in master module. Equal current sharing and precise 
voltage regulation can be achieved simultaneously. This paper 
is mainly focusing on master-slave control for modular design 
where compatibility issue is not considered. With master-slave 
architecture that current reference of each module is given by 
the master, many smart features can be enabled, e.g. dynamic 
power sharing [6]. With master selection techniques like 
automatic master [18] and democratic master [19], plug-n-play 
and high reliability can also be achieved on master-slave-
controlled system. A disadvantage of communication-based 
control is that it requires interconnection of control signals that 
relies on high-bandwidth and precise communication, which 
can be costly (for communication devices, cable and hubs) and 
the wiring will reduce modularity and may introduce 
significant noises into control signals. Thus, the master-slave 
control is commonly be applied only in a close range [7].  

With development of communication technology, new 
communication tools are available on the market, e.g. Power 
Line Communication (PLC) module, Bluetooth module and 
Zigbee communication module. These tools have been widely 
used in Internet of Things (IOT) and smart grid applications, 
due to their features of no extra wires, low cost, operation 
flexibility and distributed intelligence. At the same time, these 
digital communication modules are equipped with built-in 
checking rules which are reliable even in a high EMI 
environment. Furthermore, a single digital communication 
channel can be multiplexed to transmit several different 
signals, e.g. amplitude, phase or control commands. It is a 
trend to use such modular communication devices in the future 
smart grid [20]-[21]. Combining master-slave controlled 
parallel inverter system with these new communication 
technologies can omit the physical wire connection and 
provide a reliable communication channel resistive to 
environmental noise. The ad-hoc communication network also 
enables plug-n-play feature of converter modules. However, as 
a tradeoff of low-cost, these new communication tools are 
featured as low-bandwidth and low-rate, which limits the 
usage of these advanced communication tools mainly in high 
level coordination, e.g. manual control and data collection, 
instead of in the control layer. Fig. 2 (a) shows the common 
logic structure of a parallel inverter system [22]. 
Communication network C1 can be implemented with LBCom 
tools. However, the communication network of control layer 
C2 is usually based on high-bandwidth communication, e.g. 
analogue or fiber optic, even sometime using sensors to 
directly sense the output of another converter. Using two 
separate communication networks is neither convenient nor 
economic. Fig. 2 (b) shows a case of proposed parallel inverter 
system combining two communication networks C1 and C2 
into one LBCom network (using Zigbee modules), which can 
lead to higher modularity and lower cost.  

Apparently, the challenge is how to overcome the impact 
of LBCom delay. The communication delay ∆t1 and zero-
order-hold (ZOH) step ∆t2 of LBCom are shown in Fig. 3. 
Large delay and ZOH added in the control loop can result an 
oscillation even collapse of a master-slave controlled system. 
The stability issue caused by communication delay has been a  
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Fig. 2 (a) Typical logical structure of parallel inverter system with two 
sperate communication networks C1 and C2. (b) Proposed master-slave 

controlled parallel inverter system with one LBCom network. 
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Fig. 3  Delays of low-bandwidth digital communication.  

topic of research in many areas [23]-[28]. In most of the 
researches, only pure delay is considered. However, ZOH ∆t2 

can be much larger than ∆t1 as shown in Fig. 3, which should 
also be taken into consideration in the stability analysis, 



  

especially when the communication channel is multiplexed for 
several signals. In this paper, a model considering both pure 
delay and ZOH is established and Nyquist diagram which can 
accurately reflecting effect of both time delay and ZOH is used 
for stability analysis. Moreover, while previous studies mainly 
focusing on obtaining the delay bound, this paper provides new 
approaches to actively increase the system tolerable bound of 
communication delays.  

The contribution of this paper is to propose a design method 
for master-slave current-sharing control of paralleled inverters 
to actively increase the tolerability to LBCom impacts. The 
proposed control scheme is to achieve the following features, 
1) Cost-effective low-bandwidth communication device is 
adopted to transmit current reference from master module to 
slave modules, and system stability can stand with the impact 
of communication delay and ZOH, even when towards very 
high load dynamic changes. 2) Grid current can be evenly 
shared by inverter modules at steady state. At transient, the 
inverter modules can be decoupled to avoid oscillation and 
instability. 3) System is robust to varying communication 
delay and high EMI noises. In the paper, firstly, the master-
slave current-sharing control is introduced. A transfer function 
model is established. Secondly, the influence of 
communication delay and ZOH on the parallel inverter system 
is analyzed. Methods to reduce the influence of LBCom are 
studied and compared. A slave module Low-Pass-Filter (LPF), 
which decouples slave modules from master module at 
transient, is proposed. And a slave module Feed-Forward Loop 
(FFL) controller that is similar to an adaptive voltage droop 
controller is introduced, which utilize local compensation to 
improve the transient performance, to provide system larger 
stable margin and release master’s stress at transient. 
Performance of proposed control scheme and design criteria 
are demonstrated with simulation results and experimentally 
verified on two 800w/120V inverter modules. 

III.   MODEL OF MASTER-SLAVE CONTROLLED INVERTERS 

A typical interfacing inverter system, such as solar farm or 
dc microgrid interfacing inverter commonly has two control 
targets, dc bus voltage and ac output current. The two control 
targets can be achieved by using a double-loop control 
structure that the outer loop regulates dc link voltage by 
generating current reference to the inner loop which controls 
output current [29]. In a input-parallel output-parallel inverter 
system (with first-order L filter), as shown in Fig. 4, the inputs 
of inverters are connected to a common dc bus; outputs are 
gathered together and then get connected to a common grid 
feeder branch. For this parallel inverter system, a master-slave 
architecture can be applied to implement the double-loop 
control. The voltage controller is located in the master inverter 
module, usually is implemented by a PI controller with low 
control bandwidth. It monitors the error of dc link voltage and 
generate current amplitude reference accordingly to all 
inverter modules. All inverter modules have an independent 
Phase-Locked Loop (PLL) and current controller. Thus their 
output currents can be regulated sinusoidal and synchronized 
to the grid voltage. The current controller is usually 
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Fig. 4 Overview of a typical input-parallel output-parallel inverter system 
with master-slave control architecture. 

implemented by PI or hysteresis controller with fast dynamic 
response [2]. In this paper, simple stationary frame PI 
controller is used for inner current loop. The controller for each 
converter is independent (without any PWM synchronization), 
hence each module can work as a standalone device or in 
parallel with other devices. 

In the master-slave architecture, output of voltage controller 
is given to all modules. Thus, at steady state, modules can 
equally share the power. The output of voltage controller, 
which is the current reference, is given to slave modules 
through a communication network with a significant delay and 
Zero-Order Hold (ZOH) when LBCom is used. At the same 
time, the current reference transmission inside the master 
module bypasses communication and has almost no delay. 
Hence the actual current references received by inverter  
modules are not synchronized. The unsynchronized current 
references will significantly affect the performance of voltage 
loop, for example, dc link voltage oscillation even collapse. 
The proposed control method could reduce the influence of 
LBCom, by redesigning slave module LPF and adding an FFL. 

Considering the case that consists of one master module 
and one slave module, the control diagrams are shown in Fig. 
5, of which (a) is the ideal system neglecting communication 
delay effect; (b) shows the system considering communication 
impact; (c) shows the proposed system with voltage FFL in 
slave module. The blocks in blue dash box are processed in  
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Fig. 5 Control diagram of one master module and one slave module operating 
in parallel, (a) without communication impact, (b) with communication 

impact, (c) with voltage feed-forward loop in slave module. 
 

master module and the blocks in red dash box are processed in 
slave module. 

The master voltage controller is usually implemented by a 
PI controller, which can be represented as (1), where 𝑘  is 
proportional gain and 𝑘  is integral gain. The design of 𝑘  
and 𝑘  mainly takes consideration of making the voltage loop 
crossover frequency to be ten times smaller than the double-
line frequency to avoid 2nd-order harmonic [30]. 

𝑇 (s) = −                (1) 

Due to the power stage transfer function as given in 
equation (3) having a negative sign, the voltage controller also 
needs to have a negative sign to make the system a negative 
feedback system.  

𝑇  and 𝑇  are transfer functions of current loop of 
master and slave modules, respectively. The dynamic response 
of inner current loop is much faster than outer voltage loop, so 
the transfer functions of current loop can be considered as a 
constant value for study on the outer loop. To get the Root 
Mean Square (RMS) value of output current, 

𝑇 (s) = 𝑇 (s) =
√

 

The transfer function of power stage can be derived as (3),  

𝑇 (s) =
,

= − ,             

where the parameters are indicated as in Fig. 4. 
The communication stage consists of a time delay and a 

ZOH is as given in (4), where ∆t1 and ∆t2 are defined in Fig. 3. 

𝑇 (s) = 𝑇 (s) × 𝑇 (s) = 𝑒 ∆ ×
∆

∆


A first-order LPF is used for the LPF stage as shown in (5).  
𝑡  is filter time constant, when 𝑡 = 0 , the LPF is 
bypassed. 

𝑇 (s) = 

The FFL can be considered as an I-V based voltage droop 
controller, 

𝑇 (s) =
( )

( )
= −𝐾               (6) 

For an ideal system without considering communication 
effect as in Fig. 5 (a), the overall open-loop transfer function 
of the system is, 

𝑇 , (s) = 𝑇 𝑇 (𝑇 + 𝑇 ) =
√ ( , , )

  

For a system considering effect of LBCom as in Fig. 5 (b), 
the overall open-loop transfer function is, 

𝑇 (s) = 𝑇 𝑇 𝑇 + 𝑇 𝑇 𝑇  

= , ,

√
× 1 +

∆ (∆ ∆ )

∆ ∆


For the system has both LPF and FFL as shown in Fig. 5 
(c), the overall open-loop transfer function is, 

 𝑇 (s) = 𝑇 𝑇 𝑇 + 𝑇 𝑇 𝑇 𝑇 + 𝑇 𝑇  

= ,

√  × 1 +
∆ (∆ ∆ )

∆ ∆
− 𝐾 

These derived transfer functions can be used to determine 
the stability of the systems. 

IV.   PARAMETER DESIGN TO REDUCE THE EFFECT OF LBCOM 

In this section, the stabilities of several cases of master-
slave controlled parallel inverter systems are analyzed using 
Nyquist diagram. From (7) to (9), for all the systems, the 
number of poles on the right complex plane is zero. According 
to Nyquist stability criterion, the Nyquist contour should not 
include critical point (-1, j0) to guarantee stability. 

TABLE I SYSTEM SPECIFICATIONS 

Parameters Value Parameters Value 

Vdc,ref 300 V ∆t1 15 ms 

C 1.5 mF ∆t2 34 ms 

𝑉 ,  120 V kp 0.008 
Pinput 1.5 kW ki 1.25 



  

 
Fig. 6 Nyquist diagrams of system open-loop transfer function with 

communication effect and no LPF. 

A.   Communication effect on system stability 

For a typical system with parameters as shown in TABLE 
I, for an ideal system neglecting LBCom impact, based on (7), 
the system is apparently closed-loop stable. 

However, for the system considering communication 
impact, as modeled in (8), while LPF is bypassed, the Nyquist 
diagram is shown in Fig. 6. Due to the exponential terms from 
communication impact, Nyquist contour will rotate around 
origin. The contour has infinite intersection points with real 
axis. Therefore, only when all intersection points are on right 
side of critical point (-1, j0) can the system be closed-loop 
stable. In Fig. 6, with large communication delay and ZOH, an 
intersection point moves to the left of (-1, j0), thus the system 
becomes closed-loop unstable, due to the influence of 
communication. Thus, an originally stable system can become 
instable when communication effect is involved. It is 
important to properly design the control system to mitigate 
communication influence.  

Fig. 6 also shows the Nyquist contours with different 
communication delays and ZOH steps. It can be seen that, 
larger delay or ZOH step will make the left intersection point 
further to left, which will lead the system less likely become 
stable. 

B.   Voltage loop controller design  

System transfer function (8) can be rewritten as, 

 𝑇 (s) = 𝛼 × ( ) × 1 +
∆ (∆ ∆ )

∆ ∆


  where 

𝛼 = ,

√


  and
𝛽 = 

While communication delay ∆t1 and ZOH step ∆t2 are 
predetermined values, which are considered fixed. Thus, 

according to (10), the parameters can be designed are 𝛼, 𝛽 
and 𝑡 . 𝛼, 𝛽 are related to PI parameters and 𝑡  is LPF 
time constant. Parameter 𝛼 represents system open-loop gain. 
By reducing 𝛼, the whole Nyquist contour will scale down to 
the origin, which means all intersection points on real axis will 
move closer to the origin. When 𝛼 is small enough that all 
intersection points are on right side of critical point (-1, j0), the 
system becomes stable.  

Fig. 7 shows the Nyquist diagram with different gain 𝛼. The 
original system described by TABLE I, of which the open loop 
gain 𝛼 = 1.5, is unstable as indicated by blue line in Fig. 7. 
When the loop gain decreases, the system becomes more 
stable. When 𝛼 = 1.0, the system is close to the critical stable 
point. And when 𝛼  further decreased to 0.5, the system 
becomes stable. Hence, by reducing system open-loop gain, 
the system can be stable even delay and ZOH are involved. 
However, the reduction of open-loop gain will weaken overall 
system’s ability of transient response. 

In (10), 𝑉 ,  and 𝑉  are fixed, and 𝐶  is commonly 
designed to meet the requirement of dc link voltage ripple. 
While 𝛽  is kept as a constant, 𝛼  can be changed by 
simultaneously scaling down 𝑘  and 𝑘 , or changing the 
sensor gain if sensor gain is considered.  

Besides reducing open-loop gain 𝛼 , reducing 𝛽  by 
keeping 𝑘  the same and reducing 𝑘  could also slow down 
the system response to avoid oscillation between parallel-
operated inverters, as shown in Fig. 8. Reducing 𝛽 has very 
similar effect as reducing 𝛼 , which will also reduce 
controller’s bandwidth. Hence, in the following paper, we 
mainly use 𝛼 as indicator of bandwidth of voltage controller, 
while 𝛽 being kept constant. 

Thus, by properly designing voltage controller, system can 
be kept stable towards communication effects. It requires to 
reduce control bandwidth of voltage controller to avoid 
potential oscillation among parallel-operated inverters, which 
will sacrifice dynamic performance of voltage regulation e.g. 
settling time and overshoot.  

C.   Low-pass filter design 

Modifying  𝛼  and 𝛽  which are basically modifying 
parameters of voltage controller, will influence the 
performance of overall voltage loop. Thus, mitigating 
communication impact by only designing 𝛼  and 𝛽  will 
inevitably slow down the voltage regulation performance. One 
of proposed solutions is to modify slave module controllers. 
As shown in the control block diagram Fig. 5 (b), an LPF is 
added to each slave module. In the proposed method, the 
master module can keep the same control performance as a 
single-operated inverter and slave modules should have lower 
control bandwidth towards voltage change thus the modules 
are decoupled and the oscillation can be avoided. 

The current reference received by slave modules are 
piecewise-constant signals due to ZOH. The slave module 
controller is commonly equipped with an LPF with relatively 
high cut-off frequency to smooth the received current 
reference signal. By simply redesigning the LPF to reduce the  



  

 
Fig. 7 Nyquist diagram of system open-loop transfer function with 

communication effect with different 𝛼. 

 
Fig. 8 Nyquist diagram of system open-loop transfer function with 

communication effect with different 𝛽. 

cut-off frequency, impact of wireless digital communication 
can be mitigated. 

The received current reference signal at slave module go 
through the LPF firstly, then be taken by current controller. 
When the LPF is properly designed, slave modules can only 
get the low frequency signal in the current reference, which is 
enough for the modules to achieve power sharing purpose at 
steady state. At the same time, the relatively high frequency 
signals, which could cause oscillation or instability, are 
filtered. Thus, master module and slave modules contribute to 
dc link voltage in different bandwidths. In the proposed 
structure, power exchanges during transient, which requires 
high control bandwidth, will be mainly taken care by the 
master module. Power exchanges at steady state will be shared 
among all slave modules and master module. 
  Therefore, with proposed structure, for voltage regulation, 
the master module keeps the same ability of transient response 
as a single-operated inverter. At steady state, power will be 
evenly shared among all modules. By properly designing LPF, 
communication impact can be mitigated while keeping voltage  

 
Fig. 9 Nyquist diagram of system open-loop transfer function with 

communication effect with different tlpf in slave module. 
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Fig. 10 Nyquist diagram of system open-loop transfer function with delay 
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Fig. 11 Bound for the system operating in stable region, 𝛽 is fixed to 

156.25, ∆t2 is fixed to 0.034s. 

regulation with a relatively fast-dynamic response. 
As shown in (5), a simple first-order LPF is used in the 

study. To smoothing piecewise-constant signal, an LPF with 
relatively high cut-off frequency is adequate. For example, 

 

 



  

when the ZOH sample interval ∆t2 = 0.034ms, a tlpf = 0.05s is 
enough to smooth the piecewise-constant signal. However, to 
mitigating communication impact, a lower LPF cut-off 
frequency is required.  

Fig. 9 shows the Nyquist diagram of system open-loop 
transfer function (8) with different LPF time constants tlpf. 
While increasing tlpf, which means lowering the LPF crossover 
frequency, Nyquist diagram intersections with real axis get 
closer to the origin. When tlpf = 0.1s, the system is near to the 
critical point of being stable. When tlpf = 0.5s, the system is 
stable with margin.   

According to Fig. 9, an LPF with larger time constant tlpf in 
slave module makes the system more stable and robust. A tlpf 

tending to infinity means the slave modules will keep a 
constant current output as their initial settings which are 
independent from voltage controller. At this point, only master 
module is involved in voltage control. Thus, the system is as 
stable and robust as a single operated inverter. However, this 
has distorted the current sharing purpose of parallel operation. 
An LPF with cut-off frequency that 5-10 times smaller than the 
voltage loop natural frequency 𝜔  is rational. 

Furthermore, with LPF in slave module, there is more space 
for PI controller design. As shown in Fig. 7, when LPF is 
missing, system can only be stable when open-loop gain 𝛼 is 
less than 1.0. In  

Fig. 10, with LPF tlpf = 0.5s, the system becomes stable even 
for 𝛼 = 3.0, with enough gain margin. Increased open-loop 
gain with slave module LPF can provide a better transient 
performance while keeping the system stable.   
  Assuming 𝛽 and ∆t2 are fixed, a bound of system operating 
in stable region, which is decided by loop gain 𝛼, LPF time 
constant tlpf, and communication delay time ∆t1, can be 
obtained. The surface in Fig. 11 shows the bound. The region 
above the surface indicates system being unstable. The region 
below the surface indicates system being stable. It can be seen 
that, when LPF is absent or the time constant is too small, the 
system can only tolerate a very short communication delay, at 
a prerequisite of low loop gain. When LPF is added, the system 
can tolerate longer communication delay even with a larger 
loop gain.  

However, though the LPF can make systems with 
communication effect theoretically stable and has enough gain 
margin as shown in  

Fig. 10, the phase margins which are 𝜂 = 31.3° and 𝜂 =
9.2°  still cannot meet the engineering requirement which is 
40°~50°  [31]. Furthermore, as LPF is introduced to slave 
modules, the master could provide much more power than the 
slave modules at transient. While the power that master 
module can provide is limited, considering this current 
saturation characteristic, at transient the system may have a 
large voltage sag or swell even a stability issue. 

D.   Feed-forward loop design 

As mentioned above, by solely adding LPF in slave 
modules, the phase margin of system is insufficient, and a 
high-rating master module may be required. Like neighboring 
information is used to compensate steady state error in droop-  

η2 = 9.2 

η4  = 56.4 
η3 = 36.9 

 
Fig. 12 Nyquist diagram of system open-loop transfer function with both 

LPF and FFL in slave module, while tlpf = 0.5 s and 𝛼 = 3. 

unstable 
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Fig. 13 Bound for the system stable region while FFL is involved, 𝛽 is fixed 

to 156.25, ∆t2 is fixed to 0.034s and 𝐾 is fixed to 0.0005. 

controlled system, local compensation can be used to improve 
transient performance in master-slave-controlled system. A 
voltage feed-forward controller is added to each slave module.  

Fig. 5 (c) shows the control diagram that feed-forward loop 
is added to slave module. To obtain the characteristic that has 
high feed-forward gain at large voltage error but low gain at 
small voltage error, any power function can be used for the 
feed-forward controller. Here the feed-forward controller is 
selected as a cube function with a gain -𝐾 , 

𝐼 (𝑡) = −𝐾 𝑒𝑟𝑟(𝑡)            (13)                                          

The linearized transfer function of the feed-forward 
controller, as an update of (6), is, 

𝑇 (s) = −𝐾 = −3𝐾 𝐸𝑅𝑅         (14)                                                       

It can be seen from (13) and (14), at steady state, 𝐸𝑅𝑅 =
0, feed-forward loop has no effect to the system, which means 
the slave module will follow the same current reference as 
master module. At large transient, the slave module will 
contribute to compensate dc link voltage error at a high gain 
due to the square term of ERR, which could significantly 
reduce the stress of master module at transient. The controller  
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Fig. 14 Controller diagram with multi-master control ability. 

is actually an adaptive feed-forward voltage droop controller, 
of which the gain 𝐾  is self-adjusted according to ERR value. 

Fig. 12 shows Nyquist diagrams based on (9) with different 
feed-forward parameters. It can be seen with feed-forward 
loop, both phase margin and gain margin of system can be 
increased. And Fig. 13 shows the delay bound while FFL is 
involved. Compared to Fig. 11, with both LPF and FFL in 
slave module, the tolerable delay time is increased 
significantly, especially when loop gain is high. Thus, with 
properly designed LPF and FFL, the system can be tolerable 
with large time delays while keeping a large stable margin and 
high loop gain. With a large tolerable margin of 
communication delay, even the delay varies, the system can 
still be kept in the stable region and a high loop gain can 
provide a better transient performance. 

In Fig. 12, the phase margin increases along with increasing 
FFL gain. However, if the gain is over designed, the robustness 
of system will be reduced, and the steady state performance 
may be influenced. Especially, due to the steady state double 
line frequency ripple on dc link, a large 2nd-order harmonic can 
be generated if FFL is overdesigned. 

To avoid FFL affecting steady state performance, the 
parameter selection should consider the steady state double 
line frequency ripple on dc link [30], which is expressed as, 

∆𝑉 =                  (15)                                                                  

Where 𝑃  is total output power of the parallel-operated 
system, 𝑓  is line frequency which is 60Hz in the studied 
system. 

Assume at steady state the magnitude of 2nd-order harmonic 
of output current should be less than 𝐼 , 

𝐾 ∆𝑉 < 𝐼              (16)                                                            
Combine (16) and (17),  

𝐾 <
 

            (17)                                                          

Thus, 𝐾  should be designed satisfying (17) to fulfill 
requirement of 2nd-order harmonic. 

E.   Master outage 

In conventional master-slave control, loss of master will 
cause failure of whole system. With proposed slave controller, 
the system can still run when the master converter is down. 
The FFL in slave module can still form a closed voltage control 
loop, which is similar to an I-V droop controller, with basic 
power sharing and voltage regulation performance. 
   Furthermore, the proposed controller can also be applied to 
a multi-master system. All modules can be equipped with both 

master and slave controller, as shown in Fig. 13. Each module 
can be switched between master mode control and slave mode 
control. With proper master-selecting mechanism [18]-[19], 
one master will be active, and when the master module is 
down, one slave module will shift to master mode to send 
current reference to other modules.  

V.   SIMULATION AND EXPERIMENT VERIFICATIONS 

A.   Simulation Verification 

The proposed scheme is simulated using PLECS. Two full-
bridge VSI modules with unipolar-PWM are used in 
verification [32]. Simulation parameters are provided in 
TABLE I and II. 

Fig. 15 (a) shows the simulation results of parallel inverter 
system with conventional master-slave control, of which the 
control diagram is shown in Fig. 5 (b). While communication 
impact being involved, when 𝛼 = 1, the system is close to the 
critical stable point, according to Nyquist diagram in Fig. 7. 
Simulation waveforms in Fig. 15 (a) show a good agreement 
to it, that dc link voltage and two current references for the two 
modules are badly oscillating.  

For simulation in Fig. 15 (b) and (c), slave module LPF with 
tlpf = 0.5 s is added. The oscillating system in Fig. 15 (a) 
become stable even with increased loop gain 𝛼 = 3, which 
approves Nyquist diagram in Fig. 10.  

 
TABLE II   EXTRA SYSTEM PARAMETERS 

Parameters Value Parameters Value 

Baud rate 9600 bps L11, L12, L21，L22 2 mH 
Prate 800 W each fsw 20 kHz 

Fig. 15 (d) shows simulation results that slave module is 
equipped with both LPF and FFL. With properly designed 
FFL, at transient, though both module’s outputs still have an 
overshoot, the oscillation is damped quickly and the power 
distribution among the modules are better balanced. The dc 
link voltage transient performance is also improved 
significantly. 

Fig. 16 (a) and (b) shows simulation results of two parallel-
operated inverters using V-I and I-V droop control respectively 
[14]. Secondary voltage regulation based on LBCom is 
adopted in the simulation, hence for both case, the dc link 
voltage has no steady state error. For V-I droop control, as 
shown in Fig. 16 (a), the settling time is longer and overshoot 
is larger towards transient, compared to proposed master-slave 
control. For I-V droop control, as shown in Fig. 16 (b), the 
voltage regulation is very fast. However, the output current is 
badly distorted by second-order harmonics, which does not 
occur in V-I droop control or master-slave control. And for 
both V-I and I-V droop control, the power sharing become 
unbalanced when a voltage sensing error exists (in this case, 
1% voltage sensing error results a 3A current-sharing error). 
Master-slave control, having only one voltage controller in 
master module, will not have this current-sharing issue caused 
by voltage sensing error. 
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Fig. 15 Simulation results of two inverters operating in parallel with time delay ∆t1 = 15 ms, ∆t2 = 34 ms, (a) conventional master-slave control with no LPF and 
FFL in slave module and 𝛼 = 1, (b) modified master-slave control with LPF and no FFL in slave module, 𝛼 = 1, tlpf = 0.5 s, (c) modified master-slave control 

with LPF and no FFL in slave module, 𝛼 = 3, tlpf = 0.5 s, (d) modified master-slave control with both LPF and FFL in slave module, 𝛼 = 1, tlpf = 0.5 s, 
𝐾 = 5𝑒 . 
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Fig. 16 Simulation results of two inverters operating in parallel using droop control with secondary voltage regulation, both droop coefficients are set to 1Ohm, 

and 1% voltage sensing error is considered, (a) V-I droop control, (b) I-V droop control. 

B.   Experimental Verification 

An experimental testbed has been implemented with two 
grid-connected full bridge inverter modules. Each inverter 
module is controlled by a TI F28377s DSP individually. 
Communication is based on DIGI Xbee 802.15.4 wireless 
communication module, which is based on Zigbee protocol, a 
wireless mesh network standard. Experiment specifications are 
as shown in Table I and II. Xbee modules are connected to 
DSPs using UART communication. The master module will 
periodically broadcast the current reference iref to all slave 
modules, of which the time interval will be the ZOH time 

interval. Checking mechanisms has been built into the 
communication protocol to guarantee the correctness of 
wireless digital communication, even in a high-EMI noise 
environment. 
   Fig. 17 (a) shows the experimental waveforms of system 
steady state performance with proposed master-slave control 
design. It can be seen that, the dc link voltage is well following 
the reference voltage, 300 V, and grid current is stable and 
sinusoidal which is equally shared by two inverter modules. 
Fig. 17 (b) shows the measured communication signals at 
steady state. Transmission delay ∆𝑡  and ZOH ∆𝑡  are  



  

          
(a)                                                              (b)   

Fig. 17 Experimental waveforms of steady state performance at 1400W total output power, (a) showing dc link voltage, (b) showing communication signals. 

         
(a)                                                              (b) 

Fig. 18 Experimental waveforms of transient with LPF in slave module, and tlpf = 0.5 s, 𝛼 = 1, input power step changes (a) from 700W to 1400W, (bfrom 
1400W to 700W. 

        
(a)                                                              (b)   

Fig. 19 Experimental waveforms of transient with LPF in slave module, and tlpf = 0.5 s, 𝛼 = 3, input power step changes (a) from 700W to 1400W, (b) from 
1400W to 700W. 
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(a)                                                              (b) 

Fig. 20 Experimental waveforms of transient with LPF and FFL in slave module, and tlpf = 0.5 s, 𝛼 = 3, 𝐾 =0.0005, input power step changes (a) from 
700W to 1400W, (b) from 1400W to 700W. 



  

shown in the figure. At the same time, the influence of EMI 
noise on the communication signals can be observed, which is 
inevitable in power electronic applications. With checking 
mechanism built in the LBCom modules, the communication 
is not interrupted. Fig. 18 shows the transient performances of 
system when tlpf is 0.5 and loop gain 𝛼 is 1.0. Fig. 18 (a) and 
(b) shows the experimental results of input power step up and 
step-down changes respectively. Though the system is stable, 
the transient performance is poor. The overshoot is large and 
settling time is long. In Fig. 19, while tlpf is kept at 0.5, loop 
gain 𝛼  is increased to 3. It can be seen that the transient 
performance is improved with increased loop gain. The 
voltage overshot and settling time both get smaller, but the 
voltage sag and swell at transient are still large.  

In Fig. 20, both LPF and FFL are added in slave module 
with parameters tlpf = 0.5 s, 𝛼 = 3, 𝐾 = 5𝑒 . It can be 
seen that the transient performance is improved significantly 
with FFL involved. The voltage sag or swell at transient is 
reduced to less than 30V (10%). And the output power 
variation of master module is reduced.  
  The experiment results verified the validity of master-slave 
control for parallel-operated inverters using LBCom with 
proposed design method. It also shows good agreement to the 
study of parameter selection, that with a proper current 
reference LPF and FFL in slave module, the system shows 
good tolerability to LBCom effect while keeping a good 
transient performance. 

VI.   CONCLUSION   

  The paper proposed a robust master-slave control scheme 
for parallel-operated interfacing inverters, which is tolerable to 
Low-Bandwidth Communication (LBCom) effects. The effect 
of communication delay and zero-order-hold (ZOH) on the 
system is studied. New approaches that design current 
reference low-pass-filter (LPF) and add voltage feed-forward 
loop (FFL) to slave modules are proposed, which can 
compensate the impact of LBCom to achieve a stable and 
robust operation while keeping a good transient performance. 

Experiment results show good agreements to the analytical 
study. Conclusions are as following, 

1) low-bandwidth low-rate communication tools can be 
used in master-slave current-sharing control of parallel-
operated inverters, with proper controller design.  

2) By only adjusting voltage loop controller parameters, 
system can be stable towards impact of time delay and ZOH, 
but at a sacrifice of loop gain, which may lead to a bad transient 
performance. And the margin of tolerable delay time is narrow. 

3) By designing current reference LPF to slave modules. 
The effect of LBCom can be mitigated while having an 
improved transient performance. However, the phase margin 
is not enough, and it may require higher rating for master 
module. 

4) By having both LPF and FFL in slave modules. The 
parallel-operated inverter system with LBCom can have 

enough phase and gain margins to guarantee a stable and 
robust operation. At the same time, FFL gives slave modules 
faster transient response. Balanced power distribution among 
the modules can be achieved at both transient and steady state.  

With the proposed method to increase system’s tolerability 
to communication impact, modern communication tools, like 
PLC, Bluetooth and Zigbee, which are low-cost and flexible 
but limited by low-bandwidth, can be applied to master-salve 
control of parallel interfacing inverter system while keeping 
good steady state and transient performances, which is 
conducive to make the inverter cost-effective, intelligent and 
modular. The method can also be expanded to other parallel 
converter systems. 
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