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Introduction

Inverters are connected to an ac common bus with the
aim to share properly the loads. In addition, every unit
must be able to operate independently when
communication is too difficult due to the long distance
between its connection points [1]. The droop control
technique applies to wireless interconnections [2-5]. This
technique consists of adjusting the output-voltage
frequency and amplitude in function of the active and
reactive power delivered by the inverter [6, 7].Thus, the
active and reactive power arithmetic is one of the key
issues in the wireless drop control systems.

The power arithmetic methods for droop control
technique have been presented in some literatures. Y. B.
Byun proposed a power arithmetic method [8]. It can
achieve a good load sharing. But, it is too complex. In
addition, the existing integral unit causes one fundamental
cycle delay, which decreases the stability of system. An
improved method which imports slide window function
can greatly reduce delay time (one sampling cycle) [9-11].
However, the latter method can't accurately calculate
power value while abrupt change of load. It is just a
compromise way between the rapidity and precision. In
previous work, most methods occupy a great amount of
DSP memory space using sine and cosine tables and make
power arithmetic complex.

In this paper, a novel method of power arithmetic is
proposed, which improves the steady state and the transient
response of the parallel inverter. It rebuilds sinusoidal
signal according to three elements of sine using the last-
value and next-value of signal in discrete domain. Thus, it
can obtain power value only one sampling cycle under load
sudden changes. Moreover, without sine and cosine tables
make much smaller DSP space and cut down computing
process.

The paper is organized as follows. In Section 2, the
principle of droop control method is analyzed. Section 3
presents the conventional power arithmetic. Section 4
proposes a new power arithmetic method. Section 5

provides the simulation and experimental results from a
two-75-kVA- inverter system.

Principle of droop control

The equivalent circuit of two paralleling inverters is
shown in Fig. 1.
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Fig. 1. Equivalent cwcuns of two paralleling inverters

Where U; and U, are output voltages root mean
square (RMS) of two inverters. ¢; and ¢, are the phase
angles, Uy is RMS of the load voltage, Z and 6 are the
magnitude and the phase of the output impedance, and
R=Zcos#, X=Zsing:
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The active power and the reactive power are
expressed as follows:
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Assumed that X;>>R; and ¢, is very small, thus, R; is
neglected and, sinp 7= ¢y, COSp,~ 1:
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(5) shows the amplitude and the phase of output
voltage is respectively determined by the reactive power
and the active power. In other words, the angle ¢ can be
controlled by regulating P, whereas the inverter voltage U
is controllable through Q:

{ fy— f10 =-—m(P - Pyp),
U;—Ugg =-m(Q1 —Qyo).

Where, m and n are the droop coefficients for the
frequency and amplitude, respectively. f, and U, are rated
frequency and rated voltage, respectively. Py and Q, are
the quiecsent points for active and reactive power. The
frequency and voltage droop control characteristics are
shown in Fig. 2. When the frequency f deviates from the
steady-state operating point A0 to Al(or A2), P regulater
makes the operating point close to the point AO. Similarly,
the inverter voltage U is controllable through Q regulater.
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Fig. 2. Droop control characteristics of frequency and voltage
Conventional power arithmetic

The expressions of instantaneous output voltage and
current are as follows:

v = Nsin( wt + ¢,), i =2 sin( ot + ), )

where V and | are the RMS value of voltage and current,
respectively. ¢, and ¢; are initial phase angle of voltage
and current. the value of instantaneous power is obtained
as

Rt) = VI cos(p, — ¢;) — VI cos(2wt + ¢, + ¢; ). (8)

The average power (the average value during a
fundamental cycle) can be obtained as follows

P = lTIOTRt)dI‘ = VI cos(p, — ). 9)

The parameters Vg, V), I, and |, are defined:
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The active and reactive power can be written as follows:

{P =Vl cos(p, — ;) = 2(Vr.Ig +V 1)),
Q =VI Sin((DV—(Di) = 2(\/R.|| +V| IR)

However, the digital control in DSP can’t directly
calculate integral. Hence, the integral is rewritten as
cumulative summing in the discrete domain. Assumption
that the number of sampling points is N in one fundamental
cycle. The conventional power arithmetic is shown in Fig.
3.
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Fig. 3. Diagram of conventional power arithmetic in digital
domain

Power arithmetic is achieved in one fundamental
cycle. It can satisfy the requirements when the output
power is stable. If the load varies abruptly, the real value of
power is obtained at least one fundamental cycle delay.
The sine and cosine tables occupy DSP resources and
cause calculating complex.To solve this problem, an
improved method with sliding windows was proposed as
shown in Fig. 4.
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Fig. 4. Diagram of power arithmetic with sliding windows

In Fig. 4, the length of the sliding window is N, the
shifting distance N is chosen equal to the number of
sample points in one fundamental cycle. It puts the sample
value of (a+1)+N point into the.a+1 unit, and gives the
power values from a+1 point to a+N point.The delay of
power arithmetic is reduced from N sampling cycles (a



fundamental cycle) to one sampling cycle. But, computing
power values are imprecise under load change. Therefore,
this method is only a compromise way between the
rapidity and precision.

Novel method of power arithmetic

The sinusoidal signal in time domain is
y=YpSin(wt+gp). If the three elements are known, the
waveform can be determined. In the general case, the
fundamental frequency o is known, so only two
parameters need to decide. The initial phase angle is ¢ and
the amplitude is Y,,. The sinusoidal signal is shown in Fig.
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Fig. 5. Diagram of continuous sinusoidal signal

Assumed that the fundamental cycle is T, and the
sampling cycle is T. The sinusoidal signal is
y=Ynsin(wt+¢). The sampling value of sinusoidal signal is

Yk
Yk = Y Sin(kx + @) =Yy, cosgsinkx +Yy, singcoskx, (12)

where x=2zT/Ts=2x/N, N is the ratio of fundamental cycle
to the sampling cycle. the next cycle value yy.; is as
follows:
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=Yy cosgsin(k +1)x+ Yy, singcos(k +1)x, (13)
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The single-phase voltage and current are as follows:

{u =Up, sin(et +¢y),

i = Iy, sin(ot +¢;). )

Thus
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where Uy, Uy, are the last-value and next-value of voltage,
respectively.
U,,cos U
|: m ) ¢Ui|=Vk.|: k i|, (19)
Upsing, Uk

where Iy, li+1 are the last-value and next-value of current,
respectively.

The expressions of active power and reactive power
are as follows:
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The active power and reactive power in discrete
domain is expressed:
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The variable x is a constant once the number N of
sampling points is given. According to (21), the active
power and reactive power are combined by twice sample
values of voltage and current. The diagram of proposed
power arithmetic in digital domain is shown in Fig. 6.
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Fig. 6. Diagram of proposed power arithmetic in digital domain

There are not sine function sin(kx) and cosine
function cos(kx) in equation(21). Hence, a large amount of
storage space for DSP is released in digital domain.
Moreover, there are no quantitative errors and power
arithmetic becomes simple. Because the arithmetic of
power is obtained in just one sampling cycle, the system
can achieve an improved transient response. In order to
verify the validity of the principle and the fast-track
dynamic performance, simulation and experiment results
are given in the next section.



Simulation and experiment results

In the simulation, set-up N=60, f=50Hz, x=x/30.
According to eq.(21), the discrete-time equivalent
expressions of power arithmetic is given as:

P=45.76*(Uk|k +Uk+1|k+l)_

—45.51* Uyl yg +Uga i)
Q=4.78*Uylk1 —Ugply).

The simulation results of power arithmetic with

different current amplitudes and phases are given. The

voltage RMS is 220V and its phase is zero. The voltage
and current expressions are as follows:

(22)

U = 2204/2 sin(1007t),
i =320+/2 5in(1007t),
i, =3204/25in(1007t — 7/6),
i3 =160+/2 sin(1007t),
is =1604/2sin(1007t — 7/6).

(23)

The current i; and i3 are working in resistance load,
and the current i, and i, are working in inductive load. The
active power value is P1, P2, P3 or P4 and the reactive
power value is Q1, Q2, Q3 or Q4, when the current is iy, i,
i3 and i4, respectively.
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Fig. 7. Power arithmetic with the phase of current: a —iy; b —i,;
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Fig. 8. Power arithmetic with the amplitude of current varying
abruptly: a — i;->is->iq; b — i,->i4->i;
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Fig. 9. Power arithmetic with the phase of current varying
abruptly: a — iy->ip->ig; b — i3->i4->i3
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10. Power arithmetic with the amplitude and phase of
current varying abruptly: a—i;->ig->iy; b —ip->iz->i,

Fig. 7 shows the simulation results of the novel power
arithmetic for various load condition. As it can be seen, the



novel method has high accuracy of active and reactive
power value. The dynamic characteristics of the novel
power arithmetic scheme are depicted in Fig. 8, Fig. 9 and
Fig. 10, in which the current amplitude and phase are
abruptly changed at the moment of 0.1 second and 0.3
second. Fig. 8 shows the power arithmetic results when the
current amplitude varied abruptly. The power arithmetic
value has reached steady state only one sampling cycle
delay. Fig. 9 shows the power arithmetic results when the
current phase varied abruptly. The power arithmetic value
is changed with the varied current phase angle, and the
power arithmetic value has reached steady state only one
sample time delay. Fig. 10 shows power arithmetic when
the current phase and amplitude varied abruptly. The
power arithmetic value is changed with the varied current
phase angle.

Simulation results indicate that the truth value of
power is obtained accurately only in one sampling cycle
under load change. The power arithmetic peak values at
the moment of 0.1 second and 0.3 second are yielded, as
the last-value and next-value of current are constructed the
error sinusoidal current waveform. However, this power
arithmetic peak values don't affect the power droop control
of parallel inverters, as the PID and repetitive controller
can limit the amplitude.

Tablel. Comparisons of ideal value and simulation value

Active power P(W) | Reactive power Q(Var)
Load Ideal | Simulation Ideal Simulation
value value value value
Current iy | 70400 70394 0 0
Current i, | 60968 60960 35200 35190
Current iz | 35200 35196 0 0
Current i, | 30480 30477 17600 17595

Table 1 is the comparisons of ideal value and
simulation value. It shows that the steady-state active and
reactive errors are slower than 0.013%, 0.028%. The novel
method has high precision of active and reactive power
value.

In the experiment, two 60-KW single-phase inverters
units are built. Each inverter consists of IGBT with a
switching frequency of 3000 Hz and an LC output filter,
with the following parameters: L=60uH,C= 1200uF,The
IGBT(Eupec-FZ2400R17KF6C-B2) is chosen and this
system is controlled by TMS320LF2407 fixed-point 40-
Million Hz digital signal processor (DSP) from Texas
Instruments. DC voltage is 350-640 V, and output voltage
RMS is 220 V at 50 Hz. Fig. 11 shows the voltage and
current waveform of the parallel inverters in state-steady
operation. us, i;, i are the output voltage, the output
current of one inverter and the current of the other inverter,
respectively. The total current is 130A and the parallel
circulation current is less than 10A.

Fig. 12 shows the voltage and current waveform of
the parallel three-phase inverters in dynamic process. The
total load current is changed from 90A to 240A at the
moment t1. The parallel circulation current is less than
15A.
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Fig. 11. Voltage and current waveforms in steady-state operation
for parallel inverters
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Fig. 12. Voltage and current waveforms under load sudden
changes for parallel inverters

Conclusions

In this paper, new power arithmetic for parallel
inverters has been proposed. The proposed power
arithmetic has advantages of smaller occupied DSP
resources and arithmetic steps than the conventional power
arithmetic, as the sine and cosine tables are cancelled.
Moreover, the value of power is obtained only one
sampling cycle under load changes. Simulation shows that
it has high precision in steady-state operation and obtains
real power value only one sample cycle under load sudden
changes. Experiment results show a good steady-state
characteristics and a proper transient response in sharing
loads.
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