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Abstract—To address power quality issues in the residential 
split-phase distribution systems, a novel residential power router 
(RPR) is proposed in this paper. It consists of a dual-half bridge 
(DHB) converter and a split-phase inverter. The DHB provides 
the galvanic isolation and bidirectional power flow channel for 
the distributed generation terminal. The split-phase inverter can 
work as the active power filter, the reactive power compensator, 
and balance the power of two phases. The power balancing mode 
is critical to a residential microgrid, especially when the utility 
grid is not accessible. A proportional quasi-resonance and 
resonance (PQRR) controller is adopted to eliminate the steady-
state error for harmonics compensation. Simulation and 
experimental results are presented in this paper to validate the 
feasibility and effectiveness of the proposed RPR for residential 
applications. 

Keywords—Compensation; power quality; power router; 
resonance control;   

I. INTRODUCTION 

In the past decades, a significant amount of research effort 
has gone into the development of power routing systems for 
residential energy management applications. The residential 
power router (RPR) was proposed as a solution of energy 
management between the on-site distributed energy resources 
(DER) and the electric grid within a home [1]. Recently, RPR 
has attracted a lot of attention as a way to monitor and optimize 
energy usage [2], [3].  

In the widely adopted split-phase residential distribution 
system, the integration of distributed generation (DG) units in 
grid-connected residential homes introduces many operational 
challenges that need to be addressed in the design of control 
and protection systems. Power balancing and power quality 
issues, including both current harmonics and reactive power 
compensation, should be carefully addressed to fully harness 
the potential benefits of the DGs [4]. 

Meanwhile, nonlinear loads have increased dramatically 
due to the wide adoption of power electronic systems, such as 
the power supplies of computers, electric vehicle chargers, and 
smart home appliances. Power quality problem, especially high 
harmonics and high reactive power, becomes an obvious issue. 
It is even more serious in the distribution networks compared 
with the utility grid[5]-[7]. Centralized active power filters 
(APF) have been used to improve power quality, but they are 

not an appropriate method for the residential distribution 
network, since it is highly distributed [8]. Thus, a distributed 
APF can be more effective [9]. 

Another challenge for the RPRs is power balancing. When 
the utility grid is not available, all the RPRs within one 
community can be tied together to form a microgrid (MG). In 
this work, this operating mode is defined as the community 
mode. Since the community grid is weak compared with utility 
grid, the power imbalance between the two phases is vital. 
Extensive research can be found regarding power balancing for 
three-phase distribution systems [10]-[12]. However, the power 
imbalance issue for the residential split-phase distribution grid 
has not been thoroughly addressed yet. The unbalanced load 
may result in a neutral point voltage shift in the split-phase 
distribution grid. Thus, compensation of the unbalanced load in 
a MG is a significant issue that should be addressed. 

In this work, the aforementioned power quality issues are 
addressed by the advanced controls of the RPR. Compared 
with [13], the power router proposed in this paper can not only 
manage the DG terminals and mitigate the current harmonics, 
but also correct the power factor and balance the power 
between two phases. The tertiary control strategy of the RPR is 
introduced. The power flow of the fundamental and the 
harmonics components of the current are analyzed in detail. 
Based on the power flow analysis, the control strategy for the 
dual half-bridge (DHB) converter and the split-phase inverter 
is derived. Both simulations and experiments have been 
performed to validate the feasibility and effectiveness of the 
proposed RPR and its control strategy. The results verify that 
the proposed RPR with the harmonics compensation and power 
balancing capabilities can effectively improve the power 
quality of the residential grid. 

II. THE TOPOLOGY AND THE OPEARTION MODE 

The circuit topology of the proposed RPR is shown in Fig. 
1. It consists of a DHB converter and a split-phase inverter. 
The battery and residential DERs are connected to the low-
voltage (LV) dc bus of the DHB. It provides galvanic isolation 
for the sensitive dc loads and DERs from the power grid and 
prevents potential damage of sensitive loads [16].  

In this section, the energy management system (EMS) of 
the RPR is introduced. The EMS of the proposed RPR has 
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three tertiary control modes, including the grid-connected 
mode, the community mode and the islanded mode. When the 
utility grid is accessible, the RPR will operate in the grid-
connected mode. The RPR is connected to the utility grid and 
saves money for the users through daily cycling of battery 
storage system and DG [14]. When the utility grid is not 
accessible and the circuit breaker (CB) is open, the RPR will 
operate in the community mode. All the RPRs in the same 
community will be inter-tied to form a MG, as illustrated in 
Fig. 2. 
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(CB)

RPR RPR RPR

RPR RPR RPR

Community grid
Utility 

grid

Residential grid
Community grid
Utility grid

 
Fig. 2. A typical community connection for the residential 

When the community mode is no longer available, each 
individual RPR disconnects from the community MG and 
operates as an uninterrupted power supply (UPS) for the load. 
This is defined as the islanded mode in this work. More details 
of the tertiary control modes are presented in [14].  

For the community mode, the robustness of the system is 
determined by the total capacity of the RPRs in the system. 
Compared with grid-connected mode, the community grid is 
relatively weak. The power quality problems, such as the 
increased harmonic currents and reactive power, are serious 
due to the limited capacity [15]. Another issue for the 
community mode is phase unbalance. It is defined as the 
condition that loads connected to the two split phases are not 
equal, which may result in excessive power losses on one 
phase. For the worst case condition, the voltage on the neutral 
point could be shifted [15]. Thus, power quality enhancement 
is necessary.  

The traditional RPR only operates to manage the load and 
DGs at home. For the distributed system, the centralized 

compensation equipment, such as the unified power factor 
compensators (UPFC) and APF, are installed to improve the 
power quality. However, the unsuitable install location may 
affect the compensation performance [16]. Compared with the 
centralized approach, distributed compensation using RPRs is 
more cost effective, since no additional equipment is required, 
and more robust mitigating a possible single point failure.  

III. THE CONTROL STRATEGY OF DHB 
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Fig. 3. The control strategy of the DHB converter. 

The DHB is controlled to properly balance the power for 
the inverter and maintain the dc bus voltage. The output power 
(Pout) of the DHB can be controlled by the phase-shift angle (ϕ) 
[17].  
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In grid-connected mode and community mode, the phase-
shift angle will be sent to the split-phase inverter to control the 
output power of the RPR. It should be noted that the power 
balance between the DHB converter and the split-phase 
inverter is very important, especially under current control 
mode of the split-phase inverter. The mismatched power 
between the DHB and split-phase inverter will result in the 
overvoltage on the dc bus.  
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Fig. 1. The topology for the proposed residential power router. 
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IV. THE CONTROL STRATEGY OF SPLIT-PHASE INVERTER 

In this section, the proposed control strategy of the split-
phase inverter  will be presented.  

A. The harmonics compensation 

The harmonics compensation function can be activated 
when the RPRs are connected to the community grid. As 
discussed in Section II, in grid-connected mode, the split-phase 
inverters within a community are tied together to form a 
community grid. As a kind of weak grid, the power quality is a 
big issue for the stability of the operation. The main target of 
grid-connected mode is to send power back to the grid and 
mitigate power quality problems. In this section, the power 
flow of the split-phase inverter and grid is analyzed. Based on 
this analysis, the block diagram of the controller was designed. 

The equivalent circuit of the entire system is as shown in 
Fig. 4. The total current that flows into the split-phase inverter 
is zero, as shown in (2).  

 Sa Sb SnI I I+ = −  (2) 

where ISa , ISb and ISn are the Phase A, Phase B and neutral 
bridge output current of a split-phase inverter, respectively. 
According to (2), the output current can be controlled by two 
variables, ISa and ISb. To simplify the control strategy, ISa ‒ ISb 
and ISa + ISb are selected to as the control objects. ISa ‒ ISb is for 
the line bridge and +Sa SbI I  is for the neutral bridge. Through 

the proper adjustment of the reference of Sa SbI I− and, +Sa SbI I  
, the output power of the split-phase inverter can be controlled. 

The total apparent power of the split-phase inverter is given 
by (3). anV  and bnV  are the Phase A voltage and Phase B 
voltage of the grid, respectively. 

 an Sa bn SbS V I V I= +  (3) 

As shown in Fig. 4, all of the current in the circuit can be 
decomposed into the fundamental component and harmonic 
components. The relationship of split-phase inverter output 
current, grid current and load current can be represented by 
(4), where _1SaI and _Sa hI

 
are the fundamental component and 

harmonic component
 

of the split-phase inverter Phase A 
output current, respectively. _1GaI , _Ga hI , _1LaI  and _La hI

 
are 

the fundamental component and harmonic component
 
of the 

Phase A grid output current and Phase A load current, 
respectively. The relationship of Phase B current is similar.  
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Because the harmonics compensation mode only considers 
the harmonics components, the fundamental components are 
ignored in this case. The current harmonics are desired to be 

compensated completely by the split-phase inverter. For the 
ideal condition, the current harmonics are not supposed to 
flow into the utility grid. The control target equation for 
harmonic compensation is as shown in (5). 

 _ _ _ 0Ga h Gb h Gn hI I I= = =  (5) 
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Fig. 4. The power flow analysis of the RPR system. 

By substituting (5) into (4), (6) can be derived to obtain the 
harmonics canceling reference of the inverter. 

 _ _ _ _

_ _ _

Sa h Sb h La h Lb h

Sn h Lb h La h

I I I I

I I I

− = −
 = − −

 (6) 

The harmonic components can be extracted by the Fast 
Fourier transform (FFT). To reduce the steady-state error of the 
harmonics, a PQRR controller is used to reduce steady-state 
error of the current. The expression of the PQRR controller is 
given by Fig. 5.   
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Fig. 5. The block diagram of the PQRR. 

A PQRR controller has quasi-resonance,  proportional and 
resonance compensator.  
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Fig. 6. The Bode plot of the PQRR controller. 

The quasi-resonance compensator works to track the 
fundamental component. Due to its broad bandwidth, it can 
compensate the fundamental component even when the 
fundamental frequency shifts. 

The higher the ωc is, the broader the bandwidth will be. 
However, the quasi-resonance controller is no longer a non-
steady state error compensator. The higher bandwidth will 
result in lower resonance frequency gain. Therefore, there is a 
tradeoff when designing the quasi-resonance controller. Since 
the gain of resonance compensator is infinite at the resonance 
frequency, it can provide non-steady-state error tracking for the 
harmonics current. The relationship of gain and resonance 
frequency is demonstrated in Fig. 6. The pole assignment 
method can be used for the parameter-based design of the 
PQRR [19]. 

B. The phase imbalance compensation 

The phase imbalance compensation is designed especially 
for community mode. The objective of phase imbalance 
compensation is to move the active power from the heavy-
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Fig. 7. The control strategy of the split-phase inverter. 
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loaded phase to the light-loaded phase. Prior to designing the 
control strategy, the power flow should be analyzed. When the 
current of two phases is balanced on the utility grid, the control 
target equation is as shown in (7) 

 _1 _1 0Ga GbI I+ =  (7) 

Because the phase balancer only considers the fundamental 
components, the harmonic components are neglected here. 
Substitute (7) into (4), the power balancing target equation can 
be derived as shown in (8). 

 _1 _1 _1Sn La LbI I I= − −  (8) 

Based on (8), the power balancer can be realized through 
controlling the neutral bridge. The power balancing module is 
shown in Fig. 7.  

C. Islanded mode control strategy 

In Section II, the islanded mode is activated when both the 
utility grid and community grid are no longer available. To 
continue supplying reliable electric power to residential 
appliances through the DG terminals and battery storage 
system, the split-phase inverter will operate in voltage control 
mode. The control block diagram is as shown in Fig. 7.  

It should be noted that in voltage control mode, the split-
phase inverter operates as a slack terminal. The slack terminal 
is responsible for balancing the power surplus/deficit and 
stabilizing the bus voltage [20]. Therefore, the under-
generation condition will decrease the dc bus voltage whereas 
the over-generation will increase the dc bus voltage. To 
prevent the power mismatch condition, the tertiary control 
should calculate the imbalanced power and send a command to 
shed the load or limit the generation. A proportional quasi-
resonance controller is adopted for the voltage outer-loop of 
the split-phase inverter. The control block diagram is as shown 
in Fig. 7.  
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Fig. 8. The load current without compensation. 
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Fig. 9. The load current with harmonics compensation enabled at 0.25 s. 

-10

0

10

0.42 0.44 0.46 0.48 0.5 0.52 0.54

Phase A current of gridAmps.

Time (s)  Time (s)

-10

0

10

0.42 0.44 0.46 0.48 0.5 0.52 0.54

Phase B current of gridAmps.

 
Fig. 10. The load current with phase imbalance compensation enabled at 0.45 s. . 
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Fig. 11. The load current with reactive power compensation enabled at 0.6 s.  
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V. SIMULATION AND EXPERIMENTAL RESULTS 

In this section, the functionalities of the proposed RPR are 
verified through simulation and experiment.  

A. Simulation Studies 

The harmonics compensation functions are verified through 
Simulink® simulation. A MATLAB/Simulink® model is built 
based on the real parameters of the hardware. It should be 
noted that the high-frequency harmonic current is relatively 
low in the residential utility grid. In this paper, the maximum 
order of the resonance controller is the 13th. In the practical 
hardware, with a stronger main control unit, the order of the 
PQRR controller can be higher to guarantee the compensation 
for high-frequency harmonics. 

The ac voltage is 110 V rms for each phase. The input 
voltage of DHB converter V2 is 400 V and the output voltage 
of DHB converter V1 is 100 V. The fundamental component of 
the current is 7 A rms for Phase A and 4 A rms for Phase B.  

TABLE I.  GRID CURRENT BEFORE AND AFTER COMPENSATION 

Order 
Before compensation After compensation 

Phase A Phase B Phase A Phase B 

1st (Active) 5 A 0 A 3.95 A 4.15 A 

1st (Reactive) 2 A 2 A 1.84 A 1.3 A 

3rd 0 A 0 A 0.06 A 0.16 A 

5th 2 A 0 A 0.06 A 0.04 A 

7th 1.6 A 0 A 0.03 A 0.02 A 

9th 0 A 1 A 0.01 A 0.01 A 

11th 0.8 A 0 A 0.01 A 0.01 A 

13th 0.4 A 0.4 A 0.02 A 0.02 A 

The simulation process is organized as below. 

As shown in Fig. 9, the harmonic compensation is enabled 
at 0.25 s. From Table I it reduces the total harmonic distortion 
(THD) of the Phase A current from 23.4% to 5.8% and the 
Phase B current reduces from 19.8% to 5.9%.  

At 0.45 s, the power balancing function is activated. The 
power is averaged over the two phases. Before imbalance 
compensation, the current is 5.4 A on Phase A and 2 A on 
Phase B. After phase imbalance compensation, the current is 6 
A on each phase. The results are shown in Fig. 10.  

At 0.6 s, the RPR starts to compensate the reactive power to 
the utility grid. The grid reactive current reduces from 2 A to 
1.84 A and from 2 A to 1.3 A on the two phases respectively. 
The results are shown in Fig. 11. The simulation waveform is 
as shown in Figs. 8-11 and Table I. The simulation results 
show that the RPR can compensate the reactive power, current 
harmonics, and balance the power of the two phases. 
Therefore. the PQRR controller can provide good 
compensation for the current harmonics components.  

B. Experiment Studies 

A 2 kW experimental prototype, which is shown in Fig. 12 
and Fig. 13, was built to verify the RPR proposed in this paper. 
The low voltage dc side is connected to a 2 kW PV boost 
converter and a 500 W bidirectional dc/dc converter. The ac 
side of the RPR is connected to an 110V/110V split-phase grid. 
It should be noted that a three-winding transformer is applied 
to generate the split-phase voltage. The LCL filter design for 
the inverter can be found in [21]. 

 

Fig. 12. Experimental prototype of the RPR. 

 

Fig. 13. Split-phase inverter. 

The first group of experiments is in islanded mode. Fig. 14 
and Fig. 15 show the experimental results for the balanced load 
for islanded mode. The load is a 1.3 kW power resistor bank 
between the two phases. Fig. 14 shows the output waveform of 
the split-phase inverter.  

 
Fig. 14. The waveform of the split-phase inverter.(CH1: Phase A current; 
CH2: Phase A voltage; CH3: Phase B voltage; CH4: Line-to-line  voltage) 
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Fig. 15 is the waveform from the dc side of the RPR. From 
Fig. 15, it is shown that the DHB converter works under ZVS 
mode. From Fig. 14 and Fig. 15, the proposed RPR and its 
control strategy can satisfy the power quality requirements for 
the residential load. Using MATLAB to analyze the 
waveforms, the THD of the voltage is 1.4%. It should be noted 
that the higher-order harmonics of the current, such as CH1 
(yellow) of Fig. 14, CH1(yellow) and CH4(green) of Fig. 15, 
come from the measurement. When the current probe is closed 
to the filter inductor, the flux of the inductor may generate EMI 
noise on the oscilloscope channel.  

 
Fig. 15. The waveform of the DHB converter and PV boost converter. .(CH1: 

Vgs signal of battery dc/dc converter; CH2: Primary side voltage of DHB; 
CH3: Secondary side voltage of DHB; CH4: Inductor current of the PV boost 

converter) 

The second group of experiments is islanded mode. In this 
group the load is imbalanced. There is a 500 W load on Phase 
A and a 0 W load on Phase B. From Fig. 16, the experimental 
result, the split-phase inverter can provide power to the 
imbalanced load. It should be noted that, for the light-load 
condition, the effect of the filter is not as good as the heavy-
load phase. Thus, the Phase B voltage is a little distorted. 
Better control parameters can alleviate this problem.  

 

Fig. 16. The waveform of the split-phase inverter for islanding mode. (CH1: 
Phase A current; CH2: Phase A voltage; CH3: Phase B voltage(inverted); 

CH4:Phase B current) 

The third group is the grid-connected mode. In this group 
the load is imbalanced. There is a 400 W load on Phase A and 
a 80 W load on Phase B. Fig. 17 is the experimental result after 
phase imbalance compensation is activated. The imbalanced 
load is compensated by the split-phase inverter.  

 

Fig. 17. The waveform of the split-phase inverter for islanding mode. (CH1: 
Phase A current; CH2: Phase A voltage; CH3: Phase B voltage; CH4:Phase B 

current(inverted)) 

From the experiment results, the proposed RPR and its 
control strategy can deliver the power from the PV terminal 
and batteries to the community grid. When the load is not 
balanced on the two phases, the RPR can adjust the power 
distribution on the two phases.  

VI. CONCLUSIONS 

In this paper, a RPR for addressing the power quality issues 
for the distribution grid is proposed. It serves not only to 
manage the storage system and DGs in the home, but also to 
compensate the harmonics, reactive power and imbalanced 
power. A PQRR controller is adopted for the proposed RPR. 
The simulation and experimental results show the functionality 
of the proposed RPR.  
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