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This paper proposes a control strategy for single-phase off-grid inverter, which integrates the three clo-
sed-loop control with the iterative-based RMS algorithm. The inverter circuit is modeled, and simulation
experiment and prototype verification are performed on Matlab. The results show that the voltage drop
problem caused by an abrupt variation of inverter load is improved greatly owing to the addition of vol-
tage RMS loop. Meanwhile, the application of iterative method enhances the dynamic response perfor-
mance of the system substantially; and improves the real-timeliness of three closed-loop control. The two
complement each other to provide a highly effective, reliable control solution for the single-phase off-

grid inverter.
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1 Introduction

Closed-loop control inverters are gaining ever-
wider application in various power scenarios such as
medical, industrial and military. The requirements for
the steady-state and dynamic performances of their
output voltage waveforms are becoming increasingly
demanding under various load conditions. Although
the conventional voltage-current double closed-loop
controller is used broadly due to simple design and fast
dynamic response, it can hardly achieve the zero ste-
ady-state error tracking of sinusoidal input commands
in the case of abrupt load variation, which has poor
steady-state accuracy. Under heavy loads, in particular,
it faces a serious voltage drop problem. In this paper,
we propose a three closed-loop control strategy,
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where the RMS sampling is achieved by adding an out-
put voltage RMS feedback loop and by using the ite-
rative-based fast RMS algorithm. The strategy can re-
solve the serious voltage drop of inverter under sud-
den load aggravation, and is effective in improving the
system's steady-state accuracy and dynamic response
speed.

2 Inverter system model

The inverter model adopts a single-phase full-
bridge circuit structure, and its circuit topology is
illustrated in Fig. 1. Where L denotes the output filter
inductance; C denotes the output filter capacitance,
and u, the inverter output AC voltage. The MOS
drive signal is obtained by the interception of the mo-
dulated sine wave with the triangular carrier.
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Fig. 1 ircuit topology of the single-phase full-bridge inverter
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Fig. 2 Block diagram of three closed-loop control for the single-phase inverter

In Fig. 2, the block diagram of the three closed-
loop control for single-phase inverter is presented [1].
The inner current loop uses the sampling inductor
current, so that the inductor current output can be li-
mited within a controllable range to enhance the sys-
tem reliability.

The inner voltage loop uses the instantaneous va-
lue of sampling capacitor voltage to reflect the transi-
ent variation of output voltage at any time. This allows
the output voltage waveform to track the corrected re-
ference sine wave timely to attain correction of the
output voltage phase. As for the outer voltage loop,
the output voltage is sampled in real time to calculate
the RMS of the output voltage. This RMS value, as the
feedback variable, is compared with the reference
RMS, and then PI regulated. Afterwards, the resulting
value is multiplied by a given sinusoidal reference vol-
tage to yield a sine wave, which is used as a reference
instantaneous value of the feedback capacitor voltage.
Addition of the output voltage RMS loop allows sta-
bilization of the output voltage near the preset refe-
rence value even in the case of abrupt load variation,
so that the system's steady-state error tends to zeto,
thereby improving the dynamic performance of the in-
verter[2,3].

U,

»| Inverter

3 Circuit design of inverter voltage & current
output sampling hardware

Fig. 3 displays the hardware block diagram of the
full-bridge inverter system, which comprises full-
bridge inverter circuit, low-pass filter circuit, sampling
& signal processing circuit, drive circuit and DSP con-
trol module . The DSP adopts TMS320F28035. Fea-
turing fast real-time processing at 60 Mhz, it enables
the output module to meet the requirements through
design of advanced algorithm. In Fig. 4, the circuit di-
agram of the minimum master control chip system is
illustrated, where the current is sampled with the Hall
sensor ACS712-05, and the voltage is measured
through a differential circuit. After signal conditio-
ning, the sampled data are sent to the DSP AD inter-
face for processing and calculation to output the
PWM wave. MOS turn on/off control is implemented
through the drive amplifier circuit, thereby achieving
DC to AC conversion. The current and voltage
sampling circuits are presented in Figs. 5 and 0, re-
spectively [4].
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Fig. 3 Hardware block diagram of the inverter systém
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Fig. 4 Mininum system schematic of TMS320F28035
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Fig. 5 Current sampling circuit diagram
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Fig. 6 Voltage sampling circuit diagram

4 Algorithmic design of voltage RMS
sampling

Conventional method of calculating the voltage
RMS is to sample ¥ points within a period prior to
performing the RMS value operation. However, this
method has poor real-timeliness since the voltage
magnitudes can only be obtained after one period. As
a result, the three closed-loop system has a poor dyna-
mic performance, especially when the load changes
abruptly. In this paper, an RMS algorithm based on
iterative method is put forward, which can derive the
RMS value of output voltage merely by sampling three
points [5,6].

The inverter output voltage is assumed to be a
standard sine wave. U is defined as the RMS of out-

put voltage, and S as the output voltage frequency.

The sampling interval is AT , Yo>Hor>Mo2 gre the in-

stantaneous values of output voltage, which are ex-
pressed separately as follows:

u, =~2U sin(27 fin) 0
u,., =~2Usin[ 27 f (n+AT)] @
Uy, =N2Usin[ 270 f (n+2AT)] 3)

The squate of Eq. (2) is subtracted from the pro-
duct of Egs. (1) and (3), and then transformed through
the angular function to derive:

Substituting (5) into (6) yields:

4 2
U — 2\/8u uo+l ua+1uoua+2 (6)

2 2 2
o+1 _uu _ua+2 - 2uauu+2

It can be seen from Eq. (6) that the RMS values of
output voltage can be obtained simply by sampling
three points. This differs from the RMS operation me-
thod, where the voltage magnitudes can only be calcu-
lated through at least N sampling points after one pe-
riod. Thus, our method can improve the dynamic per-
formance and real-timeliness of the three closed-loop
system, especially in the case of abrupt loading or un-

loading [7].

5 Control process

Interrupt startup

v

Interrupt site protection
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Voltage & current sampling

v

ADC conversion
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cos(2z fAT) = ——== ©) Fig. 7 Interrupt flow chart
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The inverter output voltage is sent to the AD
sampling interface after sampling through the resistor
divider. The RMS value of the inverter output voltage
is calculated algorithmically, compared with the refe-
rence RMS, and then PI regulated to serve as the loop
voltage. Its deviation from the sampling voltage is set
as the current of inner current loop after passing
through the voltage loop PI, which is compared with
the sampling current, and then with the triangular
wave to output the PWM wave[8]. The inverter con-
trol algorithm is implemented in the interrupt of the
program. The flow chart is in Fig. 7.

6 Matlab simulation and results analysis

To verify the effectiveness of the above closed-
loop control strategy, a simulation model of closed-
loop system is built using Matlab/Simulink [9, 10], and
the bipolar SPWM modulation is employed to simu-
late the double and triple closed-loop systems, re-
spectively. In Fig. 8, the simulated three closed-loop
system is displayed, where the switching frequency of
switching tube is 20 KHz. Tab. 1 lists the relevant pa-
rameter settings.

Continuous I

Repeating
Inz Sequence
=

Fig. 8 Simulation chart of three closed-loop system

Tab. 1 Simulation parameter valnes

RMS
CRME

Symbol Parameter setting Description

V,-DC 2501 Input DC voltage
L 2mH Filter inductance
C 20044 Filter capacitance
X, 01 Integral coefficient

Of voltage instantaneous value loop
%, 6 Proportionality coefficient of voltage instantaneous
value loop

Ko 5.4 Integral coefficient of voltage RMS loop
Ky 8 Proportionality coefficient of voltage RMS loop
K 20 Proportionality coefficient of current loop

6.1 Double closed-loop simulation under sudden
heavy load

On the basis of the simulation model built in Fig.
7, the RMS loop is removed, and a 110 V sinusoidal

reference voltage is applied to simulate the double clo-
sed-loop circuit. Fig. 9 shows the simulation wave-
form. Prior tot=0.13s, the inverter worked in the
unloaded state, with stable waveform. At¢=0.13s,
heavy load was imposed on the inverter suddenly. At
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this point, the voltage dropped abruptly and stabilized
at a new magnitude, which was unable to recover the
steady state as before the sudden heavy loading. Besi-
des, the circuit had no self-restoration capability [11].

g

g

&
I

g

005

Fig. 9 Double closed-loop simmulation waveform

6.2 Three closed-loop control under sudden heavy
load

The three closed-loop circuit is simulated based on
the model built in Fig. 8. Fig. 10 illustrates the simula-
tion waveform. Prior to t = 0.13s , the output voltage
entered a steady state after a short transient response.
At t = 0.13s, heavy load was imposed on the inverter
suddenly. Afterwards, the output waveforms showed
no voltage drop, which were basically consistent under
heavy and empty loads. Thus, the single-phase off-grid
inverter adopting the three closed-loop control stra-
tegy can address the voltage drop problem caused by
abrupt load variation [6,12].

Tab. 2 Results of bipolar SPWM three closed-loop modulation

Fig. 10 Three closed-loop simulation waveform
7 Prototype verification

To confirm the actual effects of the theoretical al-
gorithm and Matlab simulation, we performed three
closed-loop experimental verification on a 3 KW sin-
gle-phase full-bridge inverter prototype. The proto-
type is shown below.

W

Fig. 11 single-phase full-bridge inverter prototype

The device parameters are set as follows:

Filter induktance 1.5 mH; filter capacitance 100
pF; input DC voltage 250 V; output AC voltage 110
V; and sampling frequency 20 KHz. The bipolar
SPWM modulation is adopted. Tab. 2 lists the modu-
lation experiment results.

Input voltage Input power Output voltage Output power
™ (KW) ™ (KW)
256 1.041 110.6 0.782
250 1.106 109.5 1.330
245 1.972 109.2 1.841
240 2.654 108.7 2.490
232 3.236 108.5 3.062

In Fig. 12, the variation trends of output voltage
RMS at different output powers are presented for a
zero to full-load process. The RMS of output voltage
is reduced from 110.6 V at no load to 108.5 V at full
load, with a load regulation of 1.89%. The load regu-
lation decreases substantially as compared to the

double closed-loop scheme, and the circuit characte-
ristics are improved greatly. The experiment proves
that the dynamic performance of inverter system can
be improved effectively by a control strategy compri-
sing addition of an output voltage RMS feedback loop
and a fast RMS algorithm that is based on the iterative
operation.
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Fig. 12 V ariation trends of output voltage RMS at different output powers

8 Conclusion

In this study, a control strategy combining the
three closed-loop control with an iterative-based RMS
algorithm is proposed for addressing the voltage drop
and slow response problems of single-phase off-grid
inverter caused by abrupt load variation under a
double closed-loop control. Moreover, the strategy is
verified by Matlab simulation and prototype expeti-
ment. The voltage RMS loop helps improve the vol-
tage drop problem caused by abrupt variation of in-
verter load greatly, while the application of iterative
method enhances the dynamic response performance
of the system substantially. The experiment confirms
that the whole control strategy provides an excellent
control scheme for the single-phase off-grid inverter.
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