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Study of Constant DC-voltage Control for
VIENNA Rectifier under No-load Condition
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Abstract—VIENNA rectifier has emerged as a promising
topology for ac-dc power converter, but it has the problem of the
dc-link output voltage surge under no-load condition. In this paper,
a high reliability hardware auxiliary circuit and an easy-
implement software regulation algorithm are proposed to achieve
voltage stability. Firstly, voltage oriented current cross-decoupling
control strategy is introduced and the reason of the voltage surge
has been analyzed using equivalent circuit model. Secondly, the
equivalent circuit model of different working state for auxiliary
circuit in association with VIENNA rectifier are described, along
with introducing the selection of device parameters in the auxiliary
circuit. Meanwhile, the mechanism of two working mode in the
software regulation algorithm are analyzed to make the VIENNA
work in boost and buck mode to achieve dc-voltage stability.
Finally, the feasibility and effectiveness of the proposed methods
have been verified using experimental results. The proposed
methods not only suppress the dc-voltage surge, but also exhibit a
good performance in terms of supply-side power factor and dc-
voltage in a VIENNA rectifier, meanwhile maintaining the system
adaptability under circumstance of the load step.

Index Terms— VIENNA rectifier, constant dc-voltage control,
no-load control, auxiliary circuit

I. INTRODUCTION

ith the development of power electronics, higher
requirements are put forward for the rectifiers. Pulse
width modulated (PWM) rectifiers including two- and
three-level unidirectional PWM rectifiers have advantages over
diode bridge rectifiers because of low input current total
harmonic distortion (THD) and controllable power factor[1-3].
Comparing with conventional unidirectional PWM rectifiers,
three-phase VIENNA rectifier has many advantages of lower
cost, lower current THD, no dead zone for switching signal
lower[4-6], lower semiconductor device voltage stress, higher
power density, and higher efficiency[7-9]. Due to these
characteristics, VIENNA rectifier is widely used in
telecommunication power systems, electric vehicle (EV)
charging pile and wind turbine systems as well as power factor
correction systems, where high-power density and low device
voltage stresses are required [10-12].
The VIENNA rectifier belongs to the boost-type energy
unidirectional flow topology family [13-15], which results in a
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controllable dc-link output voltage and low input current THD.
However, in some special applications, such as battery charging
equipment or EV charging piles, the output has no-load
condition, which can cause a significant problem related to the
output voltage surge. The reason of this phenomenon is that dc-
link only the charging process occurs for the dc-link capacitors
and there is no discharge circuit for capacitors. The output
voltage surge would seriously hinder the VIENNA rectifier
promotion application.

In order to solve the dc-link output-voltage surge of ac-dc
converter under no/light-load conditions, some dc-voltage
suppression methods have been proposed. These methods
mainly use the addition of current shaping network and current
injection device in the active three-phase circuit[16-19] and
make the rectifier into an isolated topology[20, 21]. For the
former method, Pejovic et al proposed a three-phase active
rectifier applied current injection and a passive resistance
emulator[16], which makes the system to operate within a wide
range of the load current. This circuit does not need switches,
there are many magnetic components, which increases the
system cost. A rectifier composed of a diode bridge, three
bidirectional switches and a current shaping network is
proposed in [17], and two kinds of current shaping networks are
introduced. The system shows promising results for rated load.
However, it can operate under light load but exhibits poor
system performance. Hartmann et al proposed to add an
auxiliary circuit (flying converter cell, which is named FCC)
and current injection device on the passive three-phase rectifier
[18,19]. The working principle of FCC is analyzed in [18]. [19]
presented the working principle under no/light-load condition
based on passive rectifier system employing FCC. However,
this auxiliary circuit includes six power switches (IGBT), two
electrolytic capacitors and two diodes via three inductors. The
structure of topology and control method are relatively complex,
increasing the difficulty of control and hardware costs.
Furthermore, the isolated rectifier circuit provides a solution.
[20] presents the design and optimization of a high performance
isolated three-phase ac-dc converter, which is composed of
VIENNA rectifier and LLC resonant circuit. [21] presented an
isolated single-stage three-phase buck-type rectifier lies in the
modification of the original VIENNA Rectifier III. These
isolated rectifier topologies can maintain good system
performance under light load. Whether it works under no-load
conditions is not mentioned. In addition, because isolated
topology needs transformers, more switches and other
components, the cost also increases and control is difficult.

Some algorithmic solutions have also been used to solve this
problem [22-26]. First, adaptive controller is a straightforward
solution to resolve this issue, which is realized by employing a
hysteresis control based on the introduction of a quasi-
sinusoidal current reference and pulse width control in the
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standby power operation region [22]. However, additional
controllers take up DSP resources, and parameters of
controllers are also difficult to design. [23] proposed an
improved burst-mode control, where the output of the voltage
regulator is employed as the trigger. But this method needs to
be implemented on the basis of a particular zero-order injection
algorithm. Discontinuous conduction mode (DCM) also
provide a solution. In [24], the VIENNA rectifier works in
DCM and adjusts the duty cycle in real time to achieve stable
dc-voltage. Leibl et al proposes to calculate duty cycle control
scheme for VIENNA rectifier under light-load condition in
DCM without relying on current measurements that leads to
low THD of the input currents [25]. But the control of DCM is
complex and it requires a lot of computational resources, which
causes heavy calculation. [26] studies a pulse-skipping control
to improve the efficiency of grid-tied inverter by taking the dc-
voltage as the judging condition under light-load condition. But
this strategy may raise the power grid flicker problem.

The major contribution of this paper is to present two
methods with adding a hardware cost-saving and control-
simplifying auxiliary circuit on the dc-link of VIENNA rectifier
and an easy-implement constant dc-voltage control algorithm to
ensure dc-voltage stability in VIENNA rectifier under no-load
condition. The two methods only compare the dc-voltage and
the given reference value to control the switch, and the control
complexity is reduced. The difference is that the former
controls the switches of the auxiliary circuit with fewer
components when VIENNA works normally, which provide an
energy flow loop to make the capacitor charge and discharge in
the output and auxiliary circuit to maintain the dc-voltage
stability. While in the latter, the bidirectional switches are
controlled in normal or off operation to make the VIENNA
work in boost and buck mode to achieve dc-voltage stability.
The experimental results show that the two methods can all
effectively achieve the constant dc-voltage control for
VIENNA rectifier under no-load condition.

Il. DouBLE CLOSED LooP CONTROL AND VOLTAGE SURGE
REASON FOR VIENNA RECTIFIER

A. Double Closed Loop Control algorithm and PWM strategy

Fig. 1 shows the circuit topology of the three-level VIENNA
rectifier. The circuit is composed of a diode bridge and three
bidirectional switches connecting the input phases to the dc-link
neutral point. The three active switching units are controlled to
ensure sinusoidal input current and a steady dc-voltage.
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Fig. 1. VIENNA rectifier topology

As shown in Fig. 1, in the d-q coordinate system, the ac-side
voltage balance equation of the VIENNA rectifier can be
obtained as follows:

di : .
L, d_'s =—Riiy + wLi, —Uy + U

di @
L, d—: =—Rji, —oLj; —u, +u,,

where L is input filter inductor, R is the equivalent resistance
of rectifier ac-side, o is the fundamental wave angular
frequency of input current, iq and iq are the input current in the
d-q coordinates, uss and usq are the grid-side voltage in the d-q
coordinates, ug and uq are the modulation voltage in the d-q
coordinates.

It can be seen from (1) that there is mutual coupling between
the d-q axis current. In order to eliminate coupling effects, the
feed forward decoupling control of iy and iq is introduced, and
the current cross-decoupling control is shown in Fig. 2.
Meanwhile, the P1 regulator is adopted as the current controller.
The expression of the feed forward decoupling control is shown
as follows:

uy =—(Kp +%)(i§ —ig)+ a)Lsiq + Uy
Kiyox - . @
u, = —(Kp +T”)(Iq —i,)— oL, +ug
where Kip and Kj are the ratio and integral parameters of PI

controller in current inner loop, and ig" and iq" are the given
reference input current in d-q coordinates respectively.

|
The current cross-decoupling control | d-g axis model with cross-coupled in VIENNA
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Fig. 2. Current cross-decoupling control block diagram
Substitute (2) into (1), the ac-side input voltage based on the
d-q axis feed forward decoupling control can be described as
follows:
di . Kivs -
Ls d_td+ Rs'd = (KiP +?”)(Id _Id)
. ®)
di K.
q - -k -
LS E+ Rslq = (KiP +?”)(Iq _Iq)

Comparing (1) with (3), it can be seen that there is a complete
decoupling between the active current iy and the reactive current
iq.

The current control loop is used to achieve ac-side power
factor operation, so the given reference reactive current iq" is 0.
Hence, it can be obtained:
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Meanwhile, the In-Phase Disposition (IPD) for VIENNA
rectifier is selected as PWM strategy. Fig. 3 shows the
modulation waveform of IPD. In Fig. 3(a), uc and uc, are in-
phase carriers, Uz is modulated wave in A-phase. In Fig. 3(b),
g is the PWM wave generated by the carrier and modulated
wave under modulation. Fig. 3(c) is the high-frequency
output voltage pulse of the bridge arm of the VIENNA
rectifier us,,, which is equivalent to the reference voltage
signal in the volt-second balance. uqc is the dc-link voltage
amplitude.

When uz>0, the modulated wave is compared with the carrier
Uci. When the carrier wave is greater than the modulated wave,
the switch is ON, and the output voltage of the bridge arm is
connected to the point o through the switches, and the output
voltage of the bridge arm is zero. When the carrier is less than
the modulated wave, the switch is OFF. The voltage and current
are in-phase, the bridge arm is connected to the point p through
the diode, and the output voltage of the bridge arm is +ugqc/2.

When u.<0, vice versa.
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Fig. 3. Modulation waveform of In-Phase Disposition(IPD)

According to the above description, PWM strategy realizes
the control of the pulse, and together with the double closed-
loop based on the voltage oriented current cross-decoupling
control realize the input and output control of the VIENNA
rectifier, the system block diagram of which is shown in Fig. 4,
where PI control strategy is included. The outer voltage loop is
to track the dc-voltage and provide the command current value
to the current loop. The inner current loop is to control the
current according to the given reference current. The VIENNA
rectifier can work under the unit power factor, and the dc-
voltage can be stabilized to a given reference value.

g ©

B. Reason analysis for Dc-Voltage Surge under No-load
Condition
The topology of the VIENNA rectifier can be equivalent to

three single-phase boost converters in parallel [27-29]. Here,
the reason for the dc-voltage surge under the no-load condition
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Fig. 4. Control system block diagram of double closed loops with voltage
oriented current cross-decoupling control

in the case of A-phase is analyzed.

The equivalent circuit of A-phase for VIENNA rectifier is
shown in Fig. 5(a), S represents a bidirectional switch of A-
phase. From Fig. 1 and Fig. 5(a), when the switch is ON, the
VIENNA rectifier works in a normal multi-loop control state,
and the equivalent circuit is shown in Fig. 5(b). The inductor L
is charged by the power supply, which operates as a current
source. When the switch Sy is OFF, the VIENNA rectifier
works in the diode rectifier state. The resulting dc-voltage
source is composed of ua, and uan, Which are equivalent voltage
source Usa and energy stored in inductor Ls. The equivalent
circuit is shown in Fig. 5(c). Due to the diode, the energy of the
converter is continuously transferred from the inductor to the
dc-link capacitors, and the capacitors would be constantly
charged by the power supply. Dc-voltage would be
continuously increased owing to no discharge circuit for
capacitors. Thus, there would be appeared a phenomenon that
dc-voltage of VIENNA rectifier is subject to surge under no-
load condition.

Fig. 5. Equivalent circuit of A-phase for VIENNA rectifier. (a) The equivalent
circuit of A-phase topology. (b) The equivalent circuit of A-phase when S, is
ON. (c) The equivalent circuit of A-phase when S,, is OFF

Fig. 6 shows the simulation waveforms of input phase current,
input phase voltage and dc-voltage without the constant dc-
voltage control method. From the waveform, it can be seen the
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dc-voltage cannot be maintained at constant value, which is out
of control under no-load condition.
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Fig. 6. Input phase voltage, phase current and dc-voltage simulation waveforms
under no-load condition

When the value of dc-voltage exceed the given reference
voltage stress of semiconductor device, it can cause damage to
the switches and add additional magnetic device and switches
conduction losses to the main power circuit. In addition, the
high switch frequency would cause a lot of high frequency
current ripple [30]. Moreover, during power supply access,
capacitor charging can generate a large surge current, which
damage rectifier devices and the voltage power source [31,32].
In order to solve this problem, two control methods are
proposed in this paper to suppress dc-voltage surge of
VIENNA rectifier, so as to maintain dc-voltage to be constant
at a given value under no-load condition.
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I1l. CONSTANT DC-VOLTAGE CONTROL IN A VIENNA
RECTIFIER SYSTEM UNDER NO-LOAD CONDITION

A. Constant Dc-Voltage Method Based on Auxiliary Circuit
for a VIENNA Rectifier under No-load Condition

A control method of VIENNA rectifier under no-load
condition based on auxiliary circuit is presented in this sector,
and VIENNA rectifier circuit employing the auxiliary circuit is
shown in Fig. 7.
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Fig. 7. VIENNA rectifier employing auxiliary circuit under no-load condition

The auxiliary circuit topology consists of two power switches
(S1 and Sy), two electrolytic capacitors (C¢p and Cen) and two
diodes (D7 and Ds) and two inductors (L; and Ly). The positive
and negative bus bars are connected to the outputs of the passive
diode bridge (D:-Ds) via three inductors (L;-Ls). And two
electrolytic capacitors (Cc, and Ccn) are connected to three
bidirectional switches (Sa-Secn) Via neutral points. Furthermore,
two same capacitors (C;and C,) are required on sides of the dc-
link neutral-point for maintaining the balance of neutral-point
voltage in VIENNA rectifier which is shown in Fig. 1. For the
auxiliary circuit, the neutral-point is located in the middle of the
auxiliary circuit, so the balance of neutral-point voltage

depends on the auxiliary circuit, and the output capacitor (Co)
has function of the voltage regulation and filter. Therefore, dc-
link only has the capacitor C, instead of C; and C,. And the
capacitor (C¢, and Cen) in auxiliary circuit and dc-link (Co) are
exactly same.

Define the switching states of S; and S; in auxiliary circuit:

1, S, off,
0, S, on,

Each switch has two working states, 1 represents the switch
is ON and O represents the switch is OFF. The two switches
have the following four switching states: (0,0), (0,1), (1,0), (1,1),
the diagram of which are shown in Fig. 8. Because the VIENNA
rectifier is a three-level topology, when the voltage imbalance
between the two capacitors, it will exacerbate the imbalance of
the neutral-point, so that the voltage stress on the capacitor and
the switch device is unevenly distributed. A large unbalance
will hinder the system normal operation and even affect the
system stability. Therefore, the normal working state of the
auxiliary circuit are only (0,0), (1,1) two switching states.

Fig. 9 shows a schematic diagram of the dc-voltage and the
switching signal waveforms of VIENNA rectifier employing
auxiliary circuit under no-load condition. Fig. 9(a) shows the
dc-voltage and the given reference voltage waveforms. The
driving signals for the two power switches (S; and Sy) in the
auxiliary circuit are shown in Fig. 9(b). In Figs. 9(c) and (d), the
voltage waveforms of the dc-link capacitor Co and auxiliary
circuit capacitors Ccp and Ce, are shown. Fig. 9(e) shows driving
signal waveform of a switch (Sap) of bidirectional switches in
VIENNA rectifier.

The auxiliary circuit does not affect the work of the VIENNA
rectifier, and the bidirectional switches are ON and OFF
normally. Here, taking S,=0, Sp=1, Sc=0 (switching states 010)
as an example. The working principle of auxiliary circuit is
shown in Fig. 10. In the sector I, the grid voltage Us;>Usp>Usc,
and us>0, Usy, Usc<O (Sector division and switching state are
described in section 111.B). The A- and C-phases switches are
OFF, and the B-phase switch is ON. The current starts from A-
phase, flows through D,, L3, Co, L1 and Dg, and flows back to
B-phase through the bidirectional switches Spand flows through
D, L3, Co, then returns to C-phase through diode Ds. Note that
isa Ish Isc IN the figure are only the theoretical current flow. In

S =

X

x=12. (5)

© (d)

Fig. 8. Auxiliary circuit switching states diagram
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Fig. 9. The schematic diagram of dc-link capacitors voltage, switch signals
and dc-voltage employing auxiliary circuit under no-load condition.

practice, the current amplitude in the circuit is almost 0 under
no load condition.

As shown in Fig. 9(a) and Fig. 10(a), when the continuously
dynamic measured value of dc-voltage (uqc) is greater than the
given constant reference voltage (uqc’), the switching state of
Sy, Sz in the auxiliary circuit is (0,0). The capacitor Co, inductor
Ls, Lo, Ls, the auxiliary capacitor Cp, Ccn and the anti-parallel
diode of the switches Si, S, form a closed circuit. The Co
provides energy to the Cc, and Cgp in the auxiliary circuit
through the above circuit, the voltage of Co (ugc) is decreased as
shown in Fig. 10(c), and the voltage of capacitors C¢, and Cen
(Ucep and uccn) are increased shown in Fig. 9(d). Capacitor Co
releases excess energy through an auxiliary circuit, so that the
value of the dc-voltage can be stabilized to a given value under
no-load condition.

Similarly, when the ugc is less than ugc” shown in Fig. 9(a),
the switching state of Sy, S, in the auxiliary circuit is (1,1) as
shown in Figs. 9(b) and 10(b). Co, L1, L2, L3, C¢p, Cen and the
auxiliary circuit switch Sy, S, work. The capacitors Cep, Cen in
the auxiliary circuit provide energy to the capacitor Co in dc-
side through the loop, and the voltage of capacitors Cc, and Cen
(Ucep @and ucen) are decreased shown in Fig. 9(d). The voltage of
capacitor Co (Uqc) is increased shown in Fig. 9(c). The auxiliary
circuit capacitors (Cepand Cen) continue to transfer energy to the
capacitor Co through a flow path controlled by a signal as shown

in Fig. 9(b), thus maintaining the value of dc-voltage at constant.

In addition, the switch (Sap) signal of VIENNA rectifier is
shown in Fig. 9(e), the VIENNA rectifier with auxiliary circuit
does not affect the normal modulation process of its six
switches (Sap-Sen).

According to above analysis, it can be seen that by constantly
and frequently change the two switching states, the dc-voltage
of the rectifier can be stabilized and output under no-load
condition.
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Fig. 10. Working principle of auxiliary circuit. (a) dc-voltage is greater than
the given reference. (b) dc-voltage is less than the given reference.

@ (b)
Fig. 11. Equipment circuit of VIENNA rectifier with auxiliary circuit. (a)dc-
voltage is greater than the given reference. (b)dc-voltage is less than the given
reference.

Fig. 11 shows the equivalent circuit diagram of VIENNA
rectifier employing auxiliary circuit. The current source is
controlled by using the switches, while the capacitor voltage is
decided by the equivalent voltage source, including the inductor
voltage. However, the inductor voltage is partly decided by the
current source, so the capacitor voltage is indirectly controlled
by the switches.

Thus, if the dc-voltage ugc is greater than the given reference
voltage uq, the equivalent circuit of VIENNA rectifier
employing auxiliary circuit is shown in Fig. 11(a). The three
bidirectional switches (Sap-Scn) works normally, while the two
switches in the auxiliary circuit (S1 and Sz) would be in ON state.
The dc-link capacitor Co supplies energy to the auxiliary circuit
capacitors (Cep and Cgy) through three current sources
equivalent to the three inductors (Li-Ls), and reduces the
voltage value of the dc-link capacitor Co. The relationship
between inductors and capacitors is shown as follows:

L du du
b =113 =0 dicn _Ccp dicp (6)
If the dc-voltage (uqc) is less than the given reference voltage
(ugc), the equivalent circuit diagram of VIENNA rectifier
employing an auxiliary circuit is shown in Fig. 11(b). The three
bidirectional switches works normally, and the two switches (S;
and Sy) in the auxiliary circuit would be in OFF state. The
auxiliary circuit capacitors (Cep and Cecn) supply energy to dc-
link capacitor Co through the equivalent current sources of the
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three inductors (Li-Ls), and the voltage value of the dc-link
capacitor Co increases. The dc-voltage can be stabilized at the
given value by constantly high frequency alternating between
two operations above. Therefore, the dc-link of VIENNA
rectifier has a stable dc-voltage under no-load condition. The
relationship between inductors and capacitors is shown as
follows:

du
=iy, =C,, e ¢ Qo @)
0 L1 L2 cp dt cn dt
Usa Ls R jsa D1Z8D>"Ds/N N
Uy M :isb Sa%
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Fig. 12. Control system block diagram of constant dc-voltage control method
employing the auxiliary circuit based on voltage oriented current cross-
decoupling control for VIENNA rectifier under no-load condition.

The multi closed-loop control system control block diagram
based on dc-voltage control of the VIENNA rectifier employing
auxiliary circuit is shown in Fig. 12. Three bidirectional
switches in the VIENNA rectifier, which is controlled by PI
controller with voltage oriented current cross-decoupling
control. The dc-voltage (uq) and the given reference voltage
(ugc”) are sent to a comparator, whose output signal is used for
driving two switches of the auxiliary circuit. They constantly
works between ON and OFF state to control the dc-voltage of
the VIENNA rectifier to be stabilized at constant, which
preventing the dc-voltage surge under no-load condition.
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B. Dc-Voltage Control Regulation Algorithm under No-load
Condition
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Fig. 13. Control system block diagram of constant dc-link voltage control
regulation algorithm based on voltage oriented current cross-decoupling control
for VIENNA rectifier under no-load condition.

Furthermore, the control regulation algorithm is proposed in
this paper, the control system block diagram of which is shown
in Fig. 13. The dc-voltage (uq) and the given reference voltage
(ugc) are sent to a comparator, and output value (0 or 1) are
successively multiplied with the six PWM signals generated by
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Fig. 14. Sector division
TABLE |
SWITCHING STATES

Switch states

Power switch

Sa 0 0 0 0 1 1 1 1
Sp 0 0 1 1 0 0 1 1
Sc 0 1 0 1 0 1 0 1

the multi closed-loop control system shown in Fig. 13. The
computation results are respectively used as driving signals for
bidirectional switches of VIENNA rectifier. Hence, the dc-
voltage can be maintained at a constant through two working
states constantly high frequency alternating work.

In order to analyze the two working states mentioned above,
three-phase input voltage (Usa, Usp, Usc) are divided into 6
sections(l-VI) and each section is 60 degrees shown in Fig. 14.

Taking sector | (usx>0, usp<O, Usc<0) as example, the three
bidirectional switches have only two working states of the ON
and OFF respectively. Thus, the power switches (Sap-Sen) Of the
VIENNA rectifier have 2°=8 switch states, and 8 switching
states are shown in TABLE I. Taking A-phase as an example,
it is defined that the current outflow direction of on the grid-
side as positive. When input voltage is in positive and the switch
is ON, the switching function S, = I, the gird-side current is,
flows through the filter inductor Ls, the switches and inject dc
capacitor neutral-point 0. The inductor Ls is stores energy, and
the current is, increases linearly. At this time, point a will be
clamped to the neutral point o, and the voltage of the bridge arm
Uao=0. When the switch is OFF, the switching function S, = 0,
isa charges the dc capacitor through the bridge arm diode D;.
The inductor Ls releases energy, and supplies energy to the
output side with the input side power supply. Then is, decreases,
at this time point a will be clamped to point p, and the bridge
arm voltage Ui=Uq/2. Similarly, when the input voltage is
negative and the switch is ON, the switching function S, = 1,
point a will be clamped to the neutral point o, and the voltage
of the bridge arm u,=0. If S; = 0, point a will be clamped to
point n and the voltage of the bridge arm uao=-Uqc/2.

Fig. 15 shows the two working modes of the equivalent
circuit of the VIENNA rectifier when the dc-voltage is greater
and less than the given reference under no-load condition.
Noting that when the dc-voltage is less than the given reference,
there are 8 switching states in one sector. Here taking the sector
I and switching state 001 as example. Fig. 16 shows Flowchart
of dc-voltage control regulation algorithm with cross-
decoupling control under no-load condition. Part 1 is the
voltage and current sampling and calculation of coordinate
transformation, and this process is uninterrupted and
continuous. Part 2 is to determine whether the dc-voltage is
greater than the given reference voltage. Part 3 is double closed
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loop control. Part 4 is PWM and part 5 is switch signal. Fig. 17
shows a schematic diagram of the dc-voltage and the switching
signal of VIENNA rectifier using constant dc-voltage control
algorithm under no-load condition. Fig. 17(a) shows the dc-
voltage and the given reference voltage waveforms, and the
voltage of the dc-link capacitor(C; and C,) are shown in Fig.
17(b). Figs. 17(c) and (d) show the modulated wave (S¢, and
Sen). Fig. 17(e) shows the driving signals for the two power
switching tubes (S¢, and Scn). The main criterion of the
regulation algorithm is whether the dc-voltage is less than the
given reference value. The grid-side voltage and output dc-
voltage need to be sampled. The former is to calculate the
from PLL, and the latter is to determine whether the dc-voltage
tracks the given reference value.

P DyZRD,/\Da/k s cp
Ci== Ug, Lsa ’S_a?_ﬁsﬂ €L
Czo== : ﬂSb § & Sbgj:]_‘flsi: 0=:
Da7k DsZRDeZR | Da/k Dszlgoszg IS_?"‘:'_(;Z
(@) (b)

Fig.15. The equivalent circuit of VIENNA rectifier under no-load condition. (a)
dc-voltage is great than the given reference. (b) dc-voltage is less than the given
reference.

Grid-link voltage and current sampling,
de-link voltage sampling

The PLL gives 6 Part 1
ia, g, Usg @nd Usq are calculated by
Clark and Park transformation
|

Part 2i
Determine whether the dc-voltage is H
less than the given value

Yes¢

Voltage outer loop controller calculation

v

The outer loop output is the current d-axis
reference value ig*, defining ig*=

v

Currentinner loop controller calculation

v

Current feedforward decoupling
control, obtained ug*, ug*

Part 3

The three phase modulated wave is obtained
by Park and Clark inverse transformation

...................................................................

e

K Drive switch S;p-Scn
Switch Sg-Se, are OFF

between ON and OFF i

| v
»(_ End )
Fig. 16. Flowchart of dc-voltage control regulation algorithm with cross-
decoupling control under no-load condition.
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Fig. 17. Dc-voltage, capacitors voltage, dual modulated wave and switch
signals waveforms using constant dc-voltage control algorithm under no-load
condition.

As shown in Fig. 15(b) and 16, when the dc-voltage(ugc) is
less than the given reference voltage (uq:"), under the double
closed-loop control (the part 3 in Fig. 16, including voltage
oriented and current cross-decoupling), the VIENNA rectifier
works in normally modulation state (take the switching state
001 as an example) and the six switches (Sap-Scn) Work in high
frequency (the part 4 and right of part 5 in Fig. 16). The dc-
voltage of the VIENNA rectifier can track to the given reference
by the closed-loop control. Since the terminal voltage us of the
switch is determined by the switching state and the current flow
direction, S, and Sy are OFF and S¢ is ON when the switching
state is 001. The power grid and inductor Ls charges the dc
capacitor C; and C; through D, Ds, and Sc. The S; bridge arm
voltage can be equivalent to a controlled voltage source. There
are modulated waves in Sy and Sep and the two switches interact.
Due to the dual-carrier modulation, the direction of carrier
modulation is opposite. The schematic diagram of modulate
waves, PWM signal and switches drive (Scp and Scn) are shown
in Figs. 17(c), (d), (e) and (f). Because it works in the VIENNA
rectifier work mode, the equivalent voltage at the neutral point
0 can be calculated. The VIENNA rectifier features a boost
characteristic, whose dc-voltage would be increased. The
voltage value of capacitor C; and C, are same and dc-voltage
would be increase.

As shown in Fig. 15(a) and 16, when dc-voltage (uqc) is great
than, the given reference voltage (uq"), although the PWM
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signal is present, the switching signal is directly blocked
according to Fig. 13. The power switches (S¢p, and Scn) are OFF
(the left of part 5 in Fig. 16), which are shown in Figs. 17(f).
Only the diode provides the energy flow loop. At this time, if
loss and voltage drop in diode is not considered. The dc-voltage
should be the input line voltage envelope. Since the dc-voltage
is greater than the maximum line voltage, the dc-voltage
decreases without switch modulation and the dc-current is
discontinuous. The following describes the working states of
VIENNA rectifier without switch modulation under no-load
condition.

Fig. 18 shows the voltage and current waveforms of the
VIENNA rectifier works in current discontinuous of diode
rectifier mode under no-load condition. When 6:<wt<#,, the
line voltage ua, is greater than the dc-voltage ug, D1 and Ds
works. igc increases from 0, and Ls stores energy. At the time of
0, Uap is equal to uge. The Ls voltage is reduced to 0. igc reaches
the maximum value. When wt>6,, ua, is less than ug. The
energy stored in Ls is released to the load through D1 and Ds.
When wt=0s, all the energy in L is released and the iq is reduced
to 0. When 0s<wt<0s, Ug, is greater than ug, and D; and Dg are
worded. Each diode works twice in one on-cycle. At the time of
61and 0,, uap is equal to ugc, then:

. u
Ql:SIn-l( dc
J2u,,
where uL is RMS value of line voltage.

When D; and Ds works, the total voltage drop of the inductor
voltage in the a and b phases is:
2L, %
dt
Then it can be further deduced:

mxe>=5§E4T<JﬁhLan«m>—wgd«m)

), 0,=7-6, ®)

= Uy, — Uge ©)

(10)

= ﬁ (+/2u,, cosé, —cos @) +u,, (6, —6)

Substituting 6 into (10) the peak dc-current can be obtained as
follows:

N 1
[,.(6)= 2ol (\2u,, cosd, —cosd,)+u, (6,-6,) (11)

And the average value of dc-current:

Up W0y e
Udd] x
(a)t
0 7/3 z > @
lgc i3
(b)
ot

—a a9, & >

Fig. 18. The voltage and current waveforms of VIENNA rectifier works in
current discontinuous of diode rectifier mode under no-load condition.

0 =— [ i.(0)d(0)

When the ugc decreases with the increase of the load current,
and the decrease of ug. makes the 05 and 64 in Fig. 18 close to
each other. The iq will become continuous when the 85 and 6,4
overlap each other.

The VIENNA rectifier is alternated between two working
states mentioned above to stabilize the dc-voltage at a constant,
achieving the voltage control under no-load condition.

(12)

C. Comparison of proposed methods with other methods

The auxiliary circuit and regulation algorithm are described
in section I11.A and I11.B, respectively. Both two methods can
solve the problem of dc-voltage surge of VIENNA rectifier
under no-load condition. In order to broaden the application
field of the two algorithms, a comparison of two methods with
other methods is described in this section.

The proposed auxiliary circuit consists of two switches, two
capacitors, two inductors and two diodes. As described in
section I11.A, the switches will only appear in (1,1) and (0,0)
switching states for the charge and discharge of the output and
auxiliary capacitors, the clamp diode provides the circuit for the
current, and the inductor is used for continuous current and
output filtering. Comparing with addition of current shaping
network and current injection device in [16-19] and isolated
topology in [20,21]. Proposed auxiliary circuit in this paper
with fewer components and simple controls realize the stability
of dc-voltage under no-load condition. The two switches added
to the auxiliary circuit merely provide an energy flow loop
between the auxiliary circuit and the output capacitors instead
of modulation, which simplifies control complexity.
Comparison list of applicable circuit, auxiliary circuit cost,
control complexity and whether no-load can be achieved are
summarized in Table. 11. Although this circuit is similar to the
one proposed in [17-19], the modulation strategy of the
bidirectional switches is completely different. In [17-19], The
bidirectional switches work at low frequency to provide the
injection circuit for the third harmonic current or in phase with
the corresponding phase voltages and eliminate the dead zone
of the current to ensures the sinusoidal current on the input side.
The bidirectional switches in VIENNA rectifier operate at high
frequencies for modulation, and it is not used for injection
device. Meanwhile, compared with FFC topology in [17-19],
the proposed method of auxiliary circuit can maintain the
stability of dc-link voltage under no/light-load condition and
there is no fluctuation in the voltage waveform, which doesn’t
affect the voltage boost performance of the system.
Furthermore, since the neutral point is in the middle of the
auxiliary circuit, the capacitor and switches of the two auxiliary
circuit must be consistent. The auxiliary circuit can keep the
balance of neutral-point voltage. In addition, VIENNA rectifier
employing the auxiliary circuit has a low THD of input current
which under rated load condition. It is precisely because of the
capacitor that the dc-voltage is smoother at a given reference
voltage fluctuation.

As for dc-voltage control regulation algorithm, comparing
with hysteresis control [23] burst mode method based on a
particular zero-order injection algorithm[24] and DCM with
occupied DSP resources and computational burden [25,26], as
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TABLE II.
COMPARISON LIST OF HARDWARE CIRCUIT METHOD
Current injection Current injection Flying The auxiliary
. . converter cell Three-phase buck- -
and passive and passive VIENNA& LLC . circuit
. . (FCC) . type rectifier .
resistance proposed resistance . proposed in [20] . proposed in
. . proposed in proposed in [21] b
in [16] proposed in [17] [18,19] this paper
. Three-phase
Applicable circuit Three-ph'ase active Three-phgse active VIENNA rectifier VIENNA rectifier VIENNA
rectifier active rectifier . rectifier
rectifier
Switch / / / 6 6 4 2
Diode 2 / / 2 / 4 2
Auxiliary Capacitor 1 2 2 2 2 / 2
circuit cost Inductor 1 / / 3 2 / 2
Transformer 2 / 1 / 1 1 /
Resistor 2 3 2 / / / /
Complex Coordinate control Control to
Control complexity of P LLC resonance with rear stage provide an
L e A / / closed loop L
switch in auxiliary circuit control bidirectional energy flow
control :
switches loop
Whether no-load can be No, only light-load No, only light- Yes No, only light-load No, only light- Yes
achieved is considered load is considered is considered load is considered

well as algorithm in [27] raise the power grid flicker problem.
However, only the hysteresis control[23] and burst mode
method[24] two methods can achieve no-load operation.
Comparing with above algorithm, dc-voltage control algorithm
proposed in this paper does not require additional circuits and
control algorithms. And the algorithm is simple and easy to
implement without a lot of calculation. Based on the voltage
oriented current decoupling double closed-loop control, only
the sampled dc-voltage is compared with the given value, and
the voltage is stabilized by controlling the three bidirectional
switches. In addition, because the switches work between
modulation and off mode, the loss of the switches are reduced.
Meanwhile, dc-voltage control algorithm not only has a stable
voltage, but also has a low AC component of dc-voltage. And
since no additional circuit, the size and cost of the system are
reduced. Furthermore, the unbalance of neutral point is an
inherent problem in three-level topology. To improve this
problem, the neutral point voltage balance control algorithm
based on injection zero sequence component is applied. Hence
the output capacitance voltage can be maintained in balance.
Due to the length limitation of the paper and the neutral point
voltage balance algorithm is not the point of the discussion in
this paper, so it is not shown here.

IV. AUXILIARY CIRCUIT DESIGN

In this section, the selection of inductors and capacitors for
the auxiliary circuit is described.

A. Capacitors Ccp, Ccn of auxiliary circuit

For the VIENNA rectifier, two same capacitors (C, and Cy)
are required in the dc-link neutral-point for maintaining the
balance of neutral-point voltage in VIENNA rectifier. For the
auxiliary circuit, the neutral-point is located in the middle of the
auxiliary circuit, so the balance of neutral-point voltage
depends on the auxiliary circuit. Therefore, dc-link only has the
capacitor Cy instead of C; and C,. and the capacitor (Ccp and Cen)
in auxiliary circuit and dc-link (Co) are exactly same in order to
achieve voltage regulation.

As a filter, the capacitor is used to suppress the ripple of the
dc-voltage, improve the voltage quality of the dc-link and
stabilize the dc-voltage of the dc-link. As an energy storage

component, the dc capacitor can store energy and assume the
role of energy exchange between ac-dc. The design of the
output capacitor is mainly considered from two aspects, one is
to ensure the anti-interference performance of the VIENNA
rectifier, and ensure that the dc-voltage overshoot is not large
when the load changes. The larger capacitor, the stronger the
anti-interference performance of VIENNA rectifier. The second
is to ensure the rapid response of the dc voltage and ensure that
the adjustment time of the dc-voltage will not be too long when
the load changes. The smaller the output capacitor, the faster
the dc voltage response. Based on the above, the value range of
capacitor is obtained:
2
(udc Aumax) Ti SCO < tr (13)
2.4Au . U, R, 0.74R,

where ug is dc-voltage, Ry is rated load, tris the rise time, Ti is
the maximum inertial time constant of the system. AUmax iS the
maximum dc-voltage ripple, which is 10% of the dc-voltage.

B. Inductor Lzin dc-side

In the auxiliary circuit proposed in this paper, an output dc
inductor is needed to suppress and maintain the dc output
current because the capacitor of the auxiliary circuit has
achieved the balance of the neutral-point. The output filter
inductor can be designed according to the dc inductor current
ripple.

The current flowing through the inductor L is defined by the
dc bus current igc and the 20% current ripple peak Aip max:

3 1-M
L > 41?“( ) (14)
L,max S

where fs is switching frequency. M is modulation index and
according to M=3Uin/2ugc(Uin=100V, ug:=200V), M=0.75. The
maximum rated current igc is 12A, hence Aip max iS 2.4A.

C. Inductor L L, of auxiliary circuit

Considering that the auxiliary circuit is on both sides of the
VIENNA neutral-point, the inductor on both sides must be
consistent. Under light load/no-load conditions, the inductor
needs to maintain an energy release loop in the dc-link and
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auxiliary circuits, so the inductor current must be continuous.
The minimum value of the inductor is bounded by continuous
and discontinuous currents. The value of inductor can be
obtained:

Delink voltage D/

sampling circyit " Power supply

a

VIENNA
rectifier circuit

| Ac-link current
sampling circuit

w2 Cm Ly By
L, > 4 23 2 (15)
I:)O,min fs

where Pomin is the minimum output power, which is 7% of
the rated output power(6kW).

Ac-link voltage
sampling circuit

V. EXPERIMENT RESULTS

A power converter prototype was built to verify the
validation of the proposed two dc-voltage control methods for

Fig. 19. Experlmental prototype of VIENNA rectlfler

VIENNA rectifier under no-load condition, which is shown in TABLE Il

Fig. 19. The multi closed-loop control and dc-voltage control SYSTEM PARAMETERS

method were all carried out using a 32-bit DSP-type Parameters Value

TMS320F2812 operating at a clock frequency of 150 MHz, and Sgﬁ%‘;;'cgl‘t’;’;??:f;mie 1002\685\‘/3"'2

the experimental parameters are shown in TABLE Il Load resistor 900/20kQ

A. Experimental Waveforms of Voltage Control Regulation SW'tc“};&?ffi:f;“mfigrSa"'s°" tgmz

Based on Auxiliary Circuit under No-load Condition Dc-inductor 2.5mH
Fig. 20 shows the waveforms of the constant dc-voltage ADC_'I'_'”kf'_'ter_‘iapac't‘?tf igggui

] - AH uxiliary circuit capacitor W
control for the VIENNA rectifier employing the auxiliary Auxiliary cireuit inductor 2 5mH

circuit under no-load condition. Fig. 20(a) shows the average

value of dc-voltage is stabilized at 200V under no-load  maintained at 5V, which represents the two switches of the

condition. Because the designed logic value of switch driving
signal in this experiment is contrary to the I/O interface output
value of DSP (the high level of I/O output value indicates that
the switch is OFF, vice versa). Thus, as seen from Fig. 20(a),

auxiliary circuit are always OFF. The input current of VIENNA
rectifier is close to OA, which verifies the validity of the
constant dc-voltage control regulation for the VIENNA rectifier
employing the auxiliary circuit under no-load condition.

the driving signal of the auxiliary circuit switch (S1) is always
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Fig.20. The proposed voltage control method employing auxiliary circuit under light/no-load conditions. (a) The steady-state waveforms under no-load condition.
(b) The steady-state waveforms under light-load condition. (c) Response when steps from no-load to light-load. (d) Response when steps from light-load to no-
load. (e) The switching signal waveforms of auxiliary circuit and bidirectional switch under no-load condition. (f) The amplifying waveforms of switching signals
in the auxiliary circuit and bidirectional switch under no-load condition.
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Fig. 20(b) shows the average value of dc-voltage is
maintained at 200V under light-load (20kQ) condition, the
driving signal of the auxiliary circuit switch (S1) is worked
alternately in high frequency between ON and OFF state to
maintain the value of dc-voltage at a constant, which is
consistent with the theoretical analysis. It can be seen that the
input phase current is in phase with the input voltage, which
verifies the VIENNA rectifier has a good performance in power
factor (PF) with the proposed auxiliary circuit method under
light-load condition.

Figs. 20(c) and (d) show the dynamic response experiment
waveform of input phase current, voltage, driving signal of
switch S; and dc-voltage when the load stepped employing
auxiliary circuit. The dc-voltage is maintained at a constant
value even though the load is changed between light-load and
no-load conditions. As shown in Fig. 20(c), it can be seen that
the dc-voltage recovers to steady state within 1.5s under the
condition of transient adding light-load from no-load. The
driving signal of the auxiliary circuit switch (Si) works
alternately in high frequency between ON and OFF state under
the condition of transient adding to the light-load and finally
turning to ON state under light-load condition.

As shown in Fig. 20(d), it can be seen that the regulation time
of dc-voltage is longer compared with Fig. 20(c). The reason is
that the value of dc-voltage is raised under the condition of
transient reducing to no-load from light-load, and the VIENNA
rectifier does not exist a load circuit topology to consume
energy of the dc-link capacitor. Hence, the voltage drop is slow
and the regulation time is longer. The driving signal of the
auxiliary circuit switch (S;) is worked alternately in high
frequency between ON and OFF state under the condition of
transient reducing to no-load and turning to OFF state under no-
load condition, which verifies the validity of constant dc-
voltage control method for the VIENNA rectifier employing the
auxiliary circuit under no-load.

Fig. 20(e) shows the experiment waveforms of a driving
signal of the auxiliary circuit switch (S;), a driving signal of
bidirectional switch (Sa), input phase current and dc-voltage
under no-load condition. And Fig. 20(f) is the amplified
waveforms of Fig. 20(e). As shown in Figs. 20(e) and (f), it can
be seen that the logic of auxiliary circuit driving signal fully
conforms to the theoretical analysis logic. The ON or OFF state
of auxiliary circuit switches are depended on the output result
from the comparator compared the dc-voltage and the given
voltage value. As shown in Fig. 20(f), it can be seen that the
waveform of S, is same with the theoretical analysis logic
shown in Fig. 9(e), which indicates that the proposed constant
dc-voltage control method employing the auxiliary circuit does
not affect the normal operation of the bidirectional switches of
the VIENNA rectifier. In addition, the switching frequency of
the auxiliary circuit switch is much lower than that of the
bidirectional switch. The amplitude of input phase current is
about 0 A, which means that the switching loss is not large. And
the average value of dc-voltage is stable at 200V, indicating that
the application of auxiliary circuit is effective in suppressing
the surge of dc-voltage of the VIENNA rectifier under no-load
condition.

B. Experimental waveforms of Constant Dc-Voltage Control
Algorithm under No-Load Condition

Fig. 21 shows the dynamic response waveform of input phase
current and dc-voltage when steps from 100% load (902) to no-
load and recovers to 100% load without the constant dc-voltage
control method. It can be seen that the dc-voltage is out of
control under the condition of transient reducing to no-load, the
value of dc-voltage increases rapidly to about 280V, appearing
a phenomenon of dc-voltage surging in VIENNA rectifier. The
dc-voltage amplitude is reduced under the condition of transient
adding load, and the dc-voltage is recovered to constant after a
short time adjustment. In addition, input phase current is also
changed under the condition of transient changing load.
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Fig. 21. Input phase current and dc-voltage when steps from 100% load to no-
load and recovers to 100% load without the constant dc-voltage control
algorithm.
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Fig. 22. The constant dc-voltage control algorithm under no-load condition (a)
Input and output waveforms (b) Ac component of dc-voltage
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Fig. 22 shows the waveform of input phase voltage, current ,
dc-voltage and its AC component of the VIENNA rectifier with
the constant dc-voltage control algorithm under no-load
condition. It can be seen that the amplitude of input phase
current is about OA and the average value of dc-voltage is
maintained at 200V, indicating that the dc-voltage is still stable
at the given value under no-load condition, which verified the
effectiveness of the proposed constant dc-voltage control
algorithm. In addition, it has a low dc-voltage AC component
shown in Fig. 22(b).
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Fig. 23. Input phase voltage, current and dc-voltage with the proposed constant
dc-voltage control regulation algorithm for VIENNA rectifier under no-load
condition. (a) Response when steps from no-load to 100% load. (b) Response
when steps from 100% load to no-load.

Fig. 23 shows the dynamic response experiment waveforms
of input phase voltage, current and dc-voltage when steps from
no-load to 100% load and steps from 100% load to no-load.
From the waveforms, the dc-voltage is maintained at a constant
even though the load changing. In Fig. 23(a), it can be seen that
the dc-voltage recovers to steady state within about 8 basis
wave cycles under the condition of transient adding to 100%
load from no-load. In Fig. 23(b), it can be seen that the dc-
voltage recovers to steady state within about 5 basis wave
cycles under the condition of transient reducing to no-load from
100% load. It verified the good performance in dynamic
properties of the proposed constant dc-voltage control
algorithm for the VIENNA rectifier under no-load condition.

VI. CONCLUSION

This paper has presented two constant dc-voltage control
methods with employing an auxiliary circuit and a software
control algorithm based on cross-decoupling control strategy

to solve the problem of the dc-link output voltage surging in
a VIENNA rectifier under light/no-load conditions. The
constant dc-voltage in VIENNA rectifier system is achieved
depend on the capacitor charge and discharge two working
states of auxiliary circuit and two working models of boost and
buck mode in the VIENNA rectifier by proposed algorithm
under no-load conditions. Moreover, the dc-voltage can be
always maintained at a constant value by using these two
methods when load steps between 100% load and no-load
condition. In addition, the system after being added the
proposed methods still exhibits the good performance in
supply-side power factor as well as the fast response capability
to load disturbance, meanwhile improving the adaptability of
the load condition and broadening the engineering application
for VIENNA rectifier.
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