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Abstract

This paper presents a full digital control strategy for parallel connected modular inverter systems. Each modular inverter is a
high frequency (HF) AC link inverter which is composed of a HF inverter and a HF transformer followed by a cycloconverter.
To achieve equal sharing of the load current and to suppress the circulating currents among the modules, a three-loop control
strategy, consisting of a common output voltage regulation (OVR) loop, individual circulating current suppression (CCS) loops
and individual inner current tracking (ICT) loops, is proposed. The ICT loops are implemented with predictive current control
from which high precision current tracking can be obtained. The effectiveness of the proposed control strategy is verified by
simulation and experimental results from parallel connected two full-bridge HF AC link inverter modules.
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Phase-shifted PWM

I.  INTRODUCTION

Parallel connected modular inverters are a more reliable
and economic solution for many applications such as UPS
and distributed renewable power distribution and generation
systems[1], [2]. Modularized inverters can share a high load
current and with this configuration small power rating
switches can be used in high power applications. In addition,
this system features redundancy, uninterrupted operation
capability and high reliability.

Concerning the topology of each constituent module, the
most widely used is a high frequency isolated dc/dc converter
in series with a dc/ac inverter [3]-[5]. However, this kind of
configuration is applicable only when the active power flow
is unidirectional. Another disadvantage is that the conversion
efficiency of the whole system is limited due to the three
stages of the power conversion. In addition, the DC-DC
converter and DC-AC inverter need individual systems,
which complicates the whole control system design. HF AC
link inverters have positive attributes such as the elimination
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of bulky capacitors and bi-directional power flow capability
without adding additional components, which improve the
conversion efficiency and reliability [6]-[8]. This has been
discussed extensively in the literature. However, parallel
connected HF AC link inverters are seldom discussed.

The control of parallel connected inverters is difficult
because the individual output voltages should have the same
frequency, phase, and amplitude for ideal operations [9],
otherwise circulating currents can be generated. To make the
system work properly, several control strategies have been
proposed. Despite the fact that the interconnection between
modules is eliminated with the frequency/voltage droop
control, the load current sharing capability varies with
different loads [1], [10]. If the master module fails with the
mast-slave control strategy, the whole system fails [11]. The
central control strategy is widely used. The current weighting
distribution control strategy can achieve current sharing
among the constituent modules, but the currents flowing
through the filtering capacitors have to be sensed as well as
those through the output inductor currents. With the uniform
modulation control strategy, despite the fact that there are no
circulating currents, both the modulation and carrier
waveforms should have the same frequency, phase, and
amplitude [9]. Additionally, it is effective only for inverter
modules with well-matched parameters including the same
DC input voltage for the individual DC-AC inverters. An
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Fig. 1. Parallel connected two HF AC link inverters.

instantaneous average-current-sharing scheme is employed to
share the load current evenly, but the currents through the
output inductors and capacitors have to be sensed at the same
time [4] ,which complicates the control design.

At present, the most widely used methods for regulating
the output current for paralleled inverters include the ramp
comparison and hysteresis control strategies. With the ramp
comparison current control using a proportional integral (PI)
regulator, accurate current tracking for individual modules
cannot be obtained [3], [4], [9]. The hysteresis current control
exhibits advantages such as simple implementation,
robustness and high dynamic capability [5], [12], [13].
However, the switching frequency varies and the output filter
is difficult to design. The predictive control strategy offers
the potential for achieving more precise current control with
minimal distortion and harmonic noises [14]. Although it has
been used extensively for single inverters, it has seldom been
used for parallel connected inverters.

Parallel connected HF AC link inverter modules are
presented in this paper. To achieve output current sharing and
to suppress circulating currents, a three-loop control scheme
consisting of a common output voltage loop, individual
circulating current suppressing (CCS) loops and inner current
tracking (ICT) loops, is introduced. To improve the current
tracking accuracy, each of the ICT loops is implemented by
predictive current control. In addition, a DSP controller can
generate all of the required PWM signals for the system,
which aids in simplifying the design.

This paper is organized as follows. The operation
principle of the control strategy is analyzed in section II.
Simulations and the loop gain design are carried out in
section Ill. A 200W prototype is fabricated and
experimentally evaluated in section 4. Some conclusions are
given in section V.

Fig. 2. Diagram of paralleled two inverter modules.

1. PROPOSED DIGITAL CONTROL STRATEGY

A. Main Circuit and Circulating Current Analysis

A parallel connection composed of two HF AC link
inverters is taken as an example to illustrate the detailed
connection, which can be seen in Fig.1. Each inverter module
in this figure consists of a full-bridge inverter, a HF
transformer, a full-bridge cycloconverter and an output low
pass LC filter. Each switch of the cycloconverter is composed
of two N-channel MOSFETs connected with a common
source and therefore both of the MOSFETs of one
bi-directional switch can share the same gate signal.
For ideal operation of the paralleled connected two HF AC
link inverters, the circulation currents flowing among the
inverter modules instead of the load should be zero. To
understand the circulating currents, an equivalent circuit from
the output side can be seen in Fig.2.

In Fig.2, V; and V, represent the output fundamental
voltages of the two individual inverters. For the sake of
simplicity, it is assumed that Lf{;=Lspo=L; and
Ci1=Cs2=Cs .

According to this figure, for the arbitrary module #i, the
following is obtained:

Vi‘ie[l 5= 0Lt T +Vo (1)
ILfi‘ie[l o = JCt Vo + 1o (2)
where o is the fundamental angular frequency of the output

voltage.
According to (1), the difference between the two output
inductor currents can be expressed as:
Vo Vi ©)
jolg

o —If1=

Based on (2), the following can be obtained:
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Fig. 3. Proposed control strategy.

. lgo+1 . A B |
I Lfave = L2 2_Lf1 =jaoCt -V, + 0z_—dl (4)
since:
. . .V
|01+|02:|0=—0 (5)
Zy
Substituting (5) into (4) yields:
- I+l Y/
I fave =———F——=1JC¢ -V, +ﬁ (6)
0

According to (4) and (6), the following can be obtained:

. _\/'l .
ILf2=2- "’ILfave
oLt ©
. V, -V, .
ILfp=—2—2+]1
Lf1 2ja)Lf Lfave

As illustrated in (7), each inductor current contains three parts.

The first part is the circulating current and the other two parts
just equal the average value of the two output inductor
currents. Therefore, it can be concluded that for the arbitrary
module, if its inductor current equals the average value of all
the inductor currents, then the circulation current is zero.

B. General Control Strategy

The general control strategy for the system is shown in
Fig.3. For the closed-loop control of each inverter module of
DC-AC inverters, it is composed of three loops, i.e., an OVR
regulation loop, individual CCS loops and individual ICT
loops, which have been denoted by different rectangle
regions. The sum of the individual CCS loop outputs and the
output of the common OVR loop works as a reference for the

individual ICT loops. As seen in the figure, V o is the
sinusoidal voltage reference, Vv, is the output voltage, Vs

is the output voltage feedback, while i ¢and i s, are the

output inductor currents of the two inverter modules
respectively. i, is the output current, H; represents the current
gain and H, is the feedback voltage gain. The variable i, is

. LYY YA
Single [+ L +
’ phase v ! A
inverter op C=+=37
0

Fig. 4. Schematic of a single-phase inverter.

the average value of the two inductor current feedback
signals, working as the reference for all of the circulating
current suppression loops, which is as follows:

oyl o)
Lave i 2 (8)
The CCS loop can suppress the circulating currents due
to parameter mismatches of the modules and perturbations.
As seen from (7), once the individual output currents can
track the average of the two output inductor currents with
high accuracy, there are no longer any circulating currents.
G,, and G are the compensation networks for the common
OVR loop and the individual CCS loop, respectively. G,, and
G, are the compensation networks for the common OVR
loop and the individual CCS loop, respectively. Both G,, and
G, are PI controllers which can achieve zero error tracking.
For these PI regulators, the inner current control loop cannot
achieve zero error tracking. Therefore, a PI controller as an
inner current controller cannot obtain precise current control
and transient circulating currents may occur.

However, with a predictive current controller for the ICT
loop, the actual inductor current can track the reference
current with high precision. The operation principle of the
predictive current control can be explained as follows.

A simplified schematic for a single-phase inverter is
shown in Fig.4. For the output voltage, a linear extrapolation
can be used, thus the following is obtained:

Vo (N+1) = 2v6 (n) ~ Vo (N -1) ©)

where [n+1],[n] and [n-1] are three adjacent sampling points.
Assume that the change of the output voltage over one
sampling period is linear. Thus the average value of the
output voltage over a sampling period [n, n+l1] can be
expressed as:

Vo (N) = Vo(n+ 1;+ Vo (N) (10)
Substituting (9) into (10) gives:
Voav(n) — 3VO (n)_VO (n_l) (11)

2
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In the same way, to get (9), the output voltage at the sampling
n can be written as:

Vo (1) = 20 (N=1) ~ Vo (N~ 2) (12)

Substituting (11) into (12) leads to:

5 3
Voay (N) = Evo (n-1) _EVO(n -2 (13)

The inverter inductor current is decided by the following
differential equation:

Vop =Vo +L—— (14)

Because the inverter is operated with a fixed switching
frequency, the sampling period is constant with the value of
AT. In the switching period [n, n+1], (14) can be written in a
discrete form:

e (N+1) —i (N)
Vopav (n) =Voay(N) +L d AT d (15)
The target of the controller is making the output current equal
to the reference current value at the sampling point [n+1].
Thus the following is obtained:

ih‘ (n +1) = iref (n +1) (16)
The substitution of (16) into (15) results in:

_ iref (N+1) —ljgaq (N)
Vopav (M) =Voay (N) + L AT 17)

In the same way, to get (14), the output inductor current at the
sampling point n can be expressed as:

. . AT

i (N) =i (N-1)+ T(vopav (n-1) vy (n-1)) (18)

The substitution of (13) into (15) gives:

So(-1)-3v(N-2) | i (N+1) iy (n)
2 AT

By substituting (18) into (19), the demand average output
voltage applied in the switching period [n-1, n] is:

Vopay (M) =4V (N-1) -2v, (N -2 +)

ior (N+1) —iir (N—1) (20)
L ref = If ~Vopay (n—1)

Vopav (n)= (19)

C. Digital PWM Generation and Commutation

A DSP TMS320F2407 is selected to implement the PWM
generation and the closed loop control. Although the discrete
values of the average value of the inverter output voltage are
obtained at each sampling point, these discrete value
constants can be viewed during one sampling interval and
they work as the sampling values of the modulation

waveform Vop,, - The carrier waveform in a digital control

system is accomplished by the general purpose (GP) timer 1,
working in the up/down counting mode which can simulate a

n-2n-1 n n+l Vopav
A\

A5

|

SW2,SW3

S Nnininmmiki
— NNy

Fig. 5. Schematic of digital PWM generation.

symmetrical triangular waveform. The negative value of
Vopay Works as another modulation waveform.

To improve the conversion efficiency, the primary HF
inverters are controlled with digital phase-shifted (PS) PWM.
The detailed PS-PWM generation method can be seen in
reference [6].

As can be seen from Fig.5, the PWM gate signals for the
cycloconverter switches are kept unchanged while the phase
shifted angle for the inverter switches varies according to the
modulation. Based on these gate signals, a uniploar SPWM
waveform can be obtained from the HF AC link inverter
output. A nearly pure sinusoidal waveform can be obtained
with a low pass LC filter. The way to generate the PWM gate
signals for module #2 is the same as that for module #1. Note
that the two cycloconverter switches share the same gate
signals. This implies that SW,, SW,, SWs and SW; are
gated with the same signal while the remaining ones SW,,
SW3, SW¢ and SW;, are gated with another signal.

Without a loss of generality, assuming Vep > 0,141 <0,

there are eight operational modes in one switching period.
The corresponding equivalent circuits are shown in Fig.6.

Detailed discussion for each of the working modes are
neglected. During all of the modes, it should be noted that the
inductor current commutates between the two legs of the
cylconverter. The gating signals of the two legs are
overlapped during the commutation. Before the commutation,
this is shown in (f). During the commutation, as illustrated in
(9), in this mode, the two legs conduct. The working mode is
transferred to (h) when the commutation process is
completed.
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Fig. 6. Operational stages for energy return.
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Fig. 7. Steady state output voltage and output currents.

TABLE |

SYSTEM SPECIFICATIONS

599

Item Value Item Value
Vin 80V Ro 20
Vo 20V fs 10 kHz
fo 50 Hz Cs 10 wF
N;:1 2.5:1 Ci1,Cqp | 2 uF
N,:1 2:1 Lyp=Lgp | 850
uH
fs 10 KHz AT 50 us

I1l.  SIMULATION AND LOOP GAIN DESIGN

In this section, a MATLAB/Simulink model for the
parallel connection of two HF AC link inverter modules is
developed to verify the proposed digital control system. The

specific simulation parameters are shown in Table I.

It

should be noted that the turns ratios of the two HF
transformers are intentionally selected to be different. The
turns ratio of transformer T, is 2.5:1, while the turns ratio of

T, is 2:1.

With the system specifications shown in the Table I, the
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Fig. 10. Simplified control strategy.

simulation results are displayed in Fig.7 to Fig.9. Fig.7 shows
the output voltage and the individual output currents at the
steady state. As can be seen, with proposed digital control
strategy, excellent output current sharing can be achieved
between the two inverter modules. Fig.8 shows the output
secondary voltages of the individual HF transformers.
Despite the different amplitudes of the HF AC voltages due
to turns ratio mismatches, both of the output currents have
almost the same instantaneous values. Fig.9 shows the
response of the output voltage and the individual output
currents corresponding to a load stepping from a half load
(5A) to a full load (10A). As can be seen, despite the
presence of transients, the load current can be shared equally

while the output voltage is kept almost unchanged.
Since predicative current control can achieve zero error
tracking, for the two modules, the following can be obtained:

i = ——irefi
Lfj Hi refj (21)

Therefore, the predicative current control strategy can be
view as a proportional unit. Hence the proposed control
strategy for two modules can be simplified, as shown in Fig.
10.

According to Fig.10, the expressions of the individual
inductor currents can be obtained as follows:

] . . . 1
if1 = (iyo +Gec (ILave — Hi "Lfl))ﬁ
(22

iLf2 = (ivo +Gcc (iLave - Hi 'iLfZ))E
i

Summing up the two equations of (22), the following is
obtained:

ifytigo =

. . . . 1 (23
(2-1yp +Gc (21 ave — Hi (e +ips 2)))H—
i

Substituting the two inductor currents from (9) into (23),
results in the following:

. ] 2 .
If1+ine2 =1l (24)
|

According to the connection shown in Fig.1, the output
voltage is:

1 ] )
vV, =(———/1Z,)(i i 25
o (2-sCf o)iLer +is2) (25)

Substituting (25) into (24) yields:

v, 1 2 Hizo
Gy (s)=-2= 1Zg)S-=—
)= =G, P T e 201 @O

where G, (s) is the equivalent plant transfer function of the
OVR loop. It can be observed from (26) that the transfer
function of the output voltage to the OVR output has nothing
to do with the CCS loops. This also shows that the OVR loop
and the CCS loops are decoupled.

As shown in (26), for a purely resistive load, the control
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Fig. 12. The output voltage and output currents with the
proposed predictive control strategy.

objective of the OVR loop belongs to a type I system. If the
compensator is the Pl type, the system is sure to be
theoretically stable with any proportional and integral
coefficients. The loop gain of the OVR loop is given by:
Tyo =Gyo (S)Gpv (s)H, (27)
The loop gain of the OVR loop is shown in Fig.11, where
R,=2Q, C;=10uF, H;=0.5, H,=0.05 and G,,=1+(1 x 10%s).
The switching frequency of the system is 10kHz. As can be
seen in Fig.11, the crossover frequency is chosen to be 2kHz,
which is one-fifth of the switching frequency. The phase
margin is 73°, which is enough for the system to be stable.

IV. EXPERIMENTAL RESULTS

To verify the proposed digital control strategy, experiments
on a prototype with the same parameters as the simulation
have been made. The system specifications are shown in
Table 1. However, it should be noted that to verify the
effectiveness of the proposed control scheme in the presence

i, :[I0A7di
v iy —i,, :[10A/div]

Fig. 13. The output voltage and output currents with
conventional ramp comparison based on Pl control.

i [AATdiV]
b 0P

Timefl0ms/ div]

Fig. 14. The output voltage and individual output currents with
uncontrolled rectifier load.

-

X .
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ie, [0 AT div]
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—————
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Fig. 15. Secondary voltages of individual HF transformers at
steady state.

of mismatches of the converter parameters, the turns ratios of
the two power transformers are intentionally designed to be
different, as shown in Table I.

Some experimental results are shown in Fig.12 to Fig.17.
Fig.12 shows the output voltage and the individual output
currents with the proposed predictive current control, while
Fig.13 shows the results with the conventional ramp
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Fig. 17. Response to a load step change from half load to full
load.

comparison based on PI control. Although the load current
can be shared with the two different current tracking methods,
the output currents are less distorted with the proposed
control strategy when compared to those of the ramp
comparison.

Fig.14 shows the response due to an uncontrolled rectifier
load, where the filtering capacitance in parallel with the rated
resistive load is 330 4F . As illustrated, although the output

voltage is distorted, equal sharing of the load can be obtained
between the two inverter modules.

Fig.15 shows the secondary voltages of the two HF
transformers at the rated resistive load. As can be seen,
despite the fact that the HF amplitudes of the two secondary
voltages are different due to the turns ratio mismatch, both of
the two output currents have almost the same instantaneous
values.

The dynamic response of the system can be viewed in
Fig.16 and Fig.17, in which the input voltages vary
corresponding to a load stepping between a half load (5A)
and a full load (10A). Despites transients, the load current can
be shared equally fairly well.

V. CONCLUSIONS

In this paper, parallel connected HF AC link inverter
modules are discussed. The proposed control strategy is
composed of three control loops, i.e.,, a common OVR
regulation loop, individual CCS loops and individual ICT
loops. To achieve accurate tracking for the ICT loops, a
predictive current controller is used. The proposed control
strategy and all of the generated PWM signals are
implemented by one DSP.

The effectiveness of the proposed digital control strategy
is verified through simulations. To further validate its
effectiveness, a 200W prototype composed of two HF AC
link inverter modules is fabricated and tested. With this
scheme, excellent sharing of the output current can be
obtained during steady state as well as transients in spite of
mismatches in the module parameters. In addition, when
compared with the conventional ramp comparison employing
PI control, the current tracking precision is improved.
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