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Abstract 

 

This paper presents a PQ control strategy for micro grid inverters with axial voltage regulators. The inverter works in the 
voltage-controlled mode and can help improve the terminal power quality. The inverter has two axial voltage regulators. The 1st 
regulator involves the output voltage amplitude and output impedance, while the 2nd regulator controls the output frequency. The 
inverter system is equivalent to a controllable voltage source with a controllable inner output impedance. The basic PQ control for 
micro grid inverters is easy to accomplish. The output active and reactive powers can be decoupled well by controlling the two axial 
voltages. The 1st axial voltage regulator controls the reactive power, while the 2nd regulator controls the active power. The paper 
analyses the axial voltage regulation mechanism, and evaluates the PQ decoupling effect mathematically. The effectiveness of the 
proposed control strategy is validated by simulation and experimental results. 
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I. INTRODUCTION 

With the rapid development of smart grid and civil 
distributed generation, micro grids have become a popular 
trend for distribution networks [1]. A microgrid usually 
consists of distributed photovoltaic generators, wind turbines, 
combined heat and power plants, fuel batteries and so on. A 
microgrid is usually connected to the main grid and the main 
grid provides frequency and amplitude support for the 
microgrid. It does not have as many traditional synchronous 
generators as the main grid. When grid faults occur, a 
microgrid works in the stand-alone mode and becomes easy 
to collapse. Commonly used current-controlled inverters 
(CCI) [2]-[4] are current sources which only supply power 
and cannot help to provide transient support. 
Voltage-controlled inverters (VCI) can be regarded as voltage 
sources which can provide voltage support in urgent 
circumstances [5]-[8]. 
Inverter-based distributed generators are the main power 
suppliers of microgrids. Nowadays the inverters applied in 
microgrids are often paralleled without control 

interconnection. Thus, the P-f droop control, which roughly 
mimics output characteristic of traditional synchronous 
generators, is widely used. However, this does have a lot of 
problems in terms of power sharing and many other aspects 
[9]. The distributed generators for microgrids are not far 
away from each other. With the development of 
communication technology, interconnected inverters will be 
widely used in microgrids. Thus, inverters will often work in 
the PQ output mode. The PQ references are from the MPPT 
control or the upper scheduling centers. 

The control strategies referred to as virtual synchronous 
generators (VSG) [10]-[12] are developed for microgrid. 
Most VSG inverters are voltage sources and can help to 
maintain the stability of microgrids. By using the VSG 
control strategy, the mature control strategies developed for 
the main grid can be applied in microgrids as well. Ref. 10 
introduced the idea of the VSG mainly based on the rotor 
equation. Nowadays, the concept of a ‘synchronverter’ [11] is 
well known. It is a converter that mimics both the inertial 
equation and electromagnetic transient process of 
synchronous generators. However, the inner output 
impedance of the inverter is the real filter inductor and it is 
not controllable. In addition, the paper only discussed the 
inner output power while the filter impact on the active and 
reactive power output is neglected. 

Reference [13] has proposed a single-phase voltage 
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controlled inverter with an inner output impedance. The 
inverter has many great characteristics. However, further 
control strategies have not been researched yet. This paper 
improves the control strategy of Reference [13]. The 
hysteresis PWM is replaced by the commonly used SPWM 
method, and the inverter side inductor current is adopted as 
the feedback value of the inner current loop. The SOGI is 
adopted for quadrature signal generation. The working 
principle of the axial voltage regulators is further analyzed 
and a basic PQ control strategy for microgrids is proposed 
and discussed in detail.   

Section II will discuss the whole inverter system and the 
1st axial voltage regulator control strategy. Frequency 
regulation improvement and analysis will be presented in 
Section III. The details of the PQ control based on axial 
voltage regulators will be discussed in Section IV. Simulation 
and experiment results will be given in Section V. Finally, 
some conclusions are given in Section VI. 

 

II. SYSTEM DESCRIPTION AND 1ST AXIAL 

VOLTAGE REGULATOR CONTROL STRATEGY 

The main circuit and control strategy are shown in Fig. 1. 
Here the voltage of the DC bus is regarded as a constant. A 
LCL filter is used for the single phase inverter. The current 
through inductor L1 is measured for the PWM generation. A 
small L2 is chosen so that vo is nearly the same as vg. Since 
the inverter is designed mainly for microgrids and civil 
distributed generation, the nominal power rate is small. Thus, 
a resister cascaded with the capacitor will not cause a large 
power loss but will greatly help simplify the inverter design. 
The output voltage vo and output current io are measured. The 
output P & Q are calculated and compared with the reference 
values. Then they are sent into the main control strategy 
through 2 PI controllers. As described in reference [8], here 
in Fig. 1, V1

* and V2
* are the input values of the axial voltage 

regulators. V1
* controls the amplitude of the equivalent 

voltage, while V2
* regulates the output frequency. The whole 

control strategy of the V1
* regulator is shown in Fig. 2 while 

details of the V2
* regulator will be discussed in the next 

section.  
  The detailed control strategy of the V1

* regulator is shown 
in Fig. 2. Here in Fig 2, V1

* and EN have been multiplied by 
the phase information from the V2

* regulator, which will be 
discussed in the next section. The reference of V1

* came from 
the output power loop. Kmu1 is the V1

* regulation coefficient. 
It can help regulate the effect of the output voltage vo more 
flexibly. α is the PI gain, and Ti is the integral time constant. 
These two are the main parameters for the inner impedance 
design. β and γ are the feedback coefficients of the output 
current and the filter capacitor current. They will help 
simplify the output expression. 
  V1

* contains information from the outer power loop. It is  

 
Fig. 1. The system and the whole control strategy. 

 
multiplied with the output voltage vo to form a voltage  
reference signal, and the voltage reference signal is sent to 
the PI controller after adding the nominal voltage. The output 
of the PI controller with feedback from the capacitor current 
and output current forms the reference current of the inner 
current loop. 

By this control strategy, equation (1) is satisfied.  

  * *
1 1 1o mu N o o C

i

V V K E V I I I
sT

  
 

       
 

  (1) 

Multiply the inner loop gain k and GPWM together to from a 
new GPWM. The inner current loop satisfies equation (2). 

  *
1 1 1

1

1
PWM CI I G V I

sL
         (2) 

If GPWM is much larger than 1, from equation (2), the 
reference current I1

* is equal to I1. 

Suppose  = 1PWM PWMG G  . Then, equations 1-2 will be 

simplified and equation 3 is satisfied. 
*
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From equation (3), the system is equivalent to Fig. 3. The 
output characteristic is equivalent to a voltage source with an 
inner output impedance. Equations (4)-(6) are expressions of 
the components in Fig. 3. 

*
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
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
          (4) 
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
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
          (5) 

i i iL RT       (6) 

As shown in equations (4)-(6), all of the components of the 
equivalent circuit in Fig. 3 can be controlled accurately via 
setting certain control parameters.  

From the analysis above, the V1
* regulator keeps the 

system equivalent to a voltage source with an inner output 

impedance. The voltage source and the output impedance  
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Fig. 2. Details of V1

* regulator. 

 

g gV 
i iE  o oV 

Fig. 3. Equivalent circuit of the system. 
 
both can be controlled accurately by setting certain control 

parameters. Here in the distributed generations for microgrids, 

a small Ti will be chosen to make the output impedance 

inductive for output power decoupling. This will be further 

discussed in Section IV. 
 

III. 2ND AXIAL VOLTAGE REGULATOR IN THE 

GRID-CONNECTED MODE 

Details of the V2
* regulator are shown in Fig 4. This 

regulator is responsible for the frequency regulation of the 
inverter. The phase information is sent to the voltage 
references in the V1

* regulator. Here in this paper, the 1/4 
period time delay quadrature signal generator is replaced by 
the second order generalized integrator (SOGI) method [14], 
[15]. Details of the SOGI are shown in Fig 5. It is a widely 
used quadrature signal generation method. It can help filter 
higher harmonic waves and has better performance when the 
grid frequency fluctuates. The dynamic response of the SOGI 
is faster as well. 

The adoption of the SOGI improves the performance of the 
whole inverter. The improvement is shown in Fig 6. 
Parameters are chosen that are the same as those in Section V. 
The output power is P=800W and Q=600Var (at full load). 
Fig. 6(a), (c) are the inverter performances using the SOGI, 
while Fig. 6(b), (d) are the inverter performances using the 
1/4 period time delay. Fig. 6(a), (b) show the situation of the 
frequency fluctuation. The grid frequency varies from 52Hz 
to 48Hz. The two figures show that the SOGI can output the 
grid frequency accurately, while the frequency of the 1/4 
period time delay has a large 100Hz sinusoid fluctuation. Fig. 
6(c), (d) show the performances with harmonic waves inside. 
3th, 5th and 7th harmonic waves with the same amplitude of  

V2
*

Vo

Kmu2
+ + + ++-

ωN

2πKf

1+sTf s
1ω

Δω φiVqq

SOGI
dq

Trans.

Vq

 
Fig. 4. Control block of V2

* regulator. 

 

 
Fig. 5. Control block of SOGI. 

 
11√2V are added into the grid voltage at t=2s. The THD of 
the voltage is up to 8.10%. The output frequency of the SOGI 
is accurate, and the output fluctuation is much smaller than 
that of the 1/4 period time delay. 

Because of the adoption of the SOGI, the dynamic 
expressions of the output frequency and phase are changed 
in comparison with Reference 8. A small L2 is chosen in Fig 
1 so that vo≈vg is satisfied. Thus, vo(=Vosinφo) can be replaced 
by vg(=Vgsinφg) from here on. Here in Fig. 4, Equation (7) is 
deduced by the SOGI and dq transformation. 

   sinq g g i g g iv V V             (7) 

Given φi-φg≈0 and some simplification for Fig. 4, the 
following equation will be satisfied. 

     
*

2
2

2

1
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i mu q q
f
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         
 (8) 

Simplify Equation (8) with Equation (7). Then, Equation (9) 
can be achieved. 

 
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
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Thus, equation (10) is satisfied for steady state. 

   
0

lim limi i g
t s

t s s  
 

    (10) 

Hence, the inverter frequency will finally be the same as the 
grid if connected to the grid. The self-synchronous ability  
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Fig. 6. Frequency response of SOGI and 1/4 period time delay. 
 
remains.  
Usually, the power angle δ determines the output power. The 
steady state value of δ is calculated as follows. 

   lim =lim i g
t t

t  
 

     

   
*2

2
2 21 2 1

N gmu

mu g f mu g

K
V

K V K K V

 



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 
     (11) 

The expressions of the frequency and phase are greatly 
simplified when compared to reference (8). Given a certain 
V2

* and no closed loop control, some conclusion can be made 
from equation 8 in the grid-connected mode. 
 

1) If ωN>ωg, then δ has an escalating trend and active 
power tends to flow from the inverter to the grid. If 
ωN<ωg, the power trend is opposite. 

2) If V2
*>0, then δ has a rising trend and active power tends 

to flow from the inverter to the grid. If V2
*<0, the trend is 

opposite. 
 

IV. AXIAL VOLTAGE REGULATION FOR PQ 
CONTROL 

   As mentioned in Section II, a small Ti is chosen to make 
the output impedance inductive. The line impedance and 
equivalent impedance of the grid is variable in microgrids. 

Different impedance characteristics have different output 
power characteristics. Thus a large enough α is necessary to 
offset the small transmission line impedance and the grid 
equivalent impedance. The resistive component of the whole 
impedance can be regarded as 0 by the choice of these control 
parameters. The expressions of the output power are as 
follows by Fig. 3. 

sini gEV
P

X


         (12) 

2cosi g gEV V
Q

X

 
           (13) 

X is the total impedance between ei and vg in Fig. 3. It is 
mainly determined by the inner output impedance of the 
inverter. Ei and δ are the main control parameters that 
determine the output power. When in the grid connected 
mode, the output frequency ωi will finally be the same as the 
grid frequency ωg as shown in Section III. The steady state of 
the Ei and δ expressions are as follows. 
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Ei and δ are controlled separately by different axial voltage 
regulators. Partial derivatives for P & Q are figured out from 
equations (12) and (13) to evaluate the control impact of the 
regulators.  
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Since δ is very small, equations (16) and (17) show that V1
* 

can control the output reactive power, while V2
* controls the 

output active power. The relationship is linear. To evaluate 
the 2 axial voltage regulators’ impact on power regulation 
more accurately, 3-dimensional P/Q VS. V1

* & V2
* figures are 

drawn. The main control parameters adopted are the same as 
those in Section V. 

Fig. 6 and Fig. 7 show the relationship between the output 
PQ and V1

* & V2
*. Fig. 6 shows that the output active power 

is linearly controlled by V2
*, and that V1

* does not change P. 
Fig. 7 shows that the output reactive power is linearly 
controlled by V1

*, ant that V2
* does not change Q. 

 

V. SIMULATION AND EXPERIMENTAL RESULTS 

A simulation model based on the control strategy is built in  
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Fig. 8. Relationship between Output Q and V1
*&V2

*. 
 

Matlab/Simulink. The simulation step size is 0.01ms. An Ode 
45 is chosen as the solver, and the relative tolerance is 1e-4. 
The main simulation parameters are listed in Tables I and II. 
The rated power of the inverter is 1kVA. Just like the 
situation of a microgrid, the inverter is directly connected to 
the main grid with a breaker. No isolation transformer is 
adopted here. 

By the parameters in Table I and II, the equivalent circuit 
impedance of Fig. 3 is a 10Ω resistor paralleled with a 2Ω 
inductor. The resistor is much larger than the inductor 
impedance. Thus, it can be neglected. The grid voltage RMS 
value is 220V, with a frequency of 50Hz. The circuit satisfies 
the following equation. 

o i i oV E jX I
  

           (18)  

Thus, the RMS values of the output voltage Vo and current 
Io satisfy the following equation. 

2 2 2 2
o i o iV X I E            (19) 

To evaluate the output impedance of the inverter, different 
resistive loads (∞, 48Ω, 48/2Ω, 48/4Ω, 48/8Ω, 48/16Ω, 
48/32Ω, 48/64Ω , and 0) are connected to the system. Fig. 8 
shows the relationship between the RMS values of the output  

TABLE I 
PARAMETERS OF THE MAIN CIRCUIT 

Parameters Values 
DC Source Voltage VDC 400 V 
Inverter-side Inductor L1 5 mH 
Grid-side Inductor L2 0.2 mH 
Capacitor Cf 47 μF 
Damping Resistor Rf 0.5 Ω 

 

TABLE II 
MAIN CONTROL PARAMETERS 

EN/(V) ωN/(rad/s) Kf Tf/(s) Ti/(ms) 
220 50 0.01 0.001 0.636 
α β γ Kmu1 Kmu2 

0.1 -1 1 1 0.5 
k kp1 ki1 kp2 ki2 

20 0.001 0.5 0.01 0.1 
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Theoretical Results

 
Fig. 9. Characteristics of output voltage and current. 

 
voltage and current. The solid blue line is drawn from 
Equation (19). The simulation results satisfy theoretical 
analysis well. 

To evaluate the control effects of V1
* VS. Q and V2

* VS. P, 
data with different PQs are measured and drawn in Fig. 10(a) 
and (b). The relationship between V1

* VS. Q and V2
* VS. P 

matches the theoretical analysis of Section IV from the 
figures. 

Fig 11 shows the whole changing process of the power 
output and controller values. The PQ reference values all 
underwent step changes. The simulation starts at t=0. The 
system is synchronized and connected to the grid before t=1s. 
This process is not the paper’s focus and is ignored. The P 
and Q references are all 0 in this process. The reference 
values change 4 times during the whole process. At t= 1.5s, 
Pref is set as 500W, while Qref remains 0. At t= 2s, Qref jumps 
to 600Var, while Pref remains 500W. At t= 2.5s, Qref steps to 
800Var, and Pref is still 500W. At t=3s, Pref is set as 800W, 
while Qref remains 800Var. Fig. 11(a)-(f) shows the value 
changing process. Fig. 11(a)-(c) show the relationship of 
V1

*-Ei-Q, while Fig. 11(d)-(f) show the relationship of V2
*-f-P. 

The figures show that V1
* controls Ei and Q, while V2

* 
controls the frequency and P. The simulation results verify 
the theoretical analysis. Fig. 12 shows the decouple control of 
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Fig. 10. Simulation results of relationship between axial voltages 
and PQ output. 

 
the PQ output. The PQ reference values change linearly and 
follow the ramp signals. The current is multiplied by 30 to 
match the amplitude of the voltage. The output P (Q) remains 
stable when the output Q (P) changes. The output voltage and 
current both transit very smoothly when the PQ references 
change. The PQ output decouples well. 

To verify the idea, an experiment based on a 
TMS320F28335 is carried out. The main control parameters 
are the same as those applied in the simulation. The rated 
power of the inverter is also 1kVA. The inverter is connected 
to the grid via an isolation transformer. Fig. 13(a)-(c) are the 
different working status of the inverter. Fig. 13(a) shows the 
beginning of the work. The inverter is connected to the grid 
smoothly with a new seamless transfer strategy. This strategy 
will be the focus of another paper. The PQ references are 
both 0. The output voltage is almost the same as the grid 
voltage, and output current is fluctuating in a small scale 
around 0. The output P and Q are both close to 0. The 
inverter outputs active power only in Fig. 13(b). The output P 
is around 910W, and the fluctuation of output Q is 55Var. 
The current THD is around 4%. Power coefficient is 0.998. 
The inverter outputs reactive power only in Fig. 13(c). The 
output P fluctuation is 30W, and the output Q is around 
880Var. The THD of the output current rises a little to around 
5%. This still satisfies the general standard. The terminal 
voltage rises to around 220V (nominal value), and is much 
higher than that in Fig. 13(b). The power quality is 
remarkably improved. The inverter outputs almost the same 
power as the reference values. The transient process when Pref 
is changing is shown in Fig. 13(d). Output current and 
voltage remain high quality.  

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 
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Fig. 11. System response with step reference change. 
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Fig. 12. Decoupling Effect of PQ Output. 

 
(a) Pref = 0, Qref = 0. 

 

 
(b) Pref =900W, Qref = 0. 

 

 
(c) Pref=0, Qref =900Var. 

 

 
(d) Transition Process of Pref from 500W to 900W. 

 

Fig. 13. PQ output of the experiment. 
 
 

VI.  CONCLUSION 

  A PQ control strategy for a microgrid inverter with axial 
voltage regulators is raised in the paper. The inverter is 
voltage controlled and has 2 axial voltage regulators. The 1st 
regulator controls the output voltage and the 2nd controls the 
output frequency. The output P is controlled by the 2nd axial 
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voltage regulator, and the output Q is controlled by the 1st 
axial voltage regulator. P and Q are decoupled well with 
proper control parameters. The control strategy is discussed 
in detail and verified by simulation and experimental results. 
The inverter has good characteristics for application in 
microgrid development. 
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