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Abstract—The three-phase Vienna rectifier suffers from the in-
herent problem of increased or unstable output voltage on the
dc side at light loads. In this article, a light-load state judgment
criterion is derived based on the Vienna equivalent model. A direct
modulation index control strategy is further proposed to optimize
the light-load performance, which is implemented by proportional
control and voltage feedforward. The proposed method signifi-
cantly reduces the duty cycle by directly modifying the modulation
index, ensuring that, at any given time, only one phase switch is
in pulsewidth modulation mode at most, which reduces the energy
transfer path and simplifies the operating modes. To verify the
validity of the proposed strategy, a Vienna rectifier prototype is
designed and built. The proposed strategy improves the dc voltage
stability and dynamic characteristics under light load at the cost of
input current harmonics. The experimental results show that the
dc voltage ripple rate is less than 0.25% in steady state and the
voltage overshoot is less than 1.7% in transient.

Index Terms—Duty cycle, light load, modulation index, Vienna
rectifier, voltage fluctuation.

I. INTRODUCTION

HE three-phase Vienna rectifier, as a three-level converter,

due to its advantages of high efficiency, high power density,
and cost-effectiveness [1], [2], [3], is widely employed in several
industrial applications, including electrical vehicle (EV) charg-
ers [4], power factor correction (PFC) [5], telecommunication
power systems [6], and medical X-ray systems [7].
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In Vienna rectifiers, the dc-side output voltage stability and
ac-side current quality are significant performance indicators
[8], and their priority depends on specific application scenarios
and system performance requirements. The Vienna rectifiers are
generally followed by a dc/dc converter or directly connected to
a dc load. Therefore, for the above applications, the stability of
the dc-side output voltage at light-load conditions is essential [9],
[10]. Such systems often operate in low-power standby mode for
extended periods, especially at night when user traffic is mini-
mal. In addition, for EV chargers, which require constant voltage
(CV) charging functions, the voltage fluctuation leads to limited
CV function and lower system performance and reliability [11].
The boost PFC and dc voltage control functions are not unavail-
able with the three-phase diode rectification. High current qual-
ity on the ac side can reduce the grid harmonics and improve the
power system stability [12]. Under light-load conditions, if the
dc-side voltage fluctuates greatly or the overvoltage protection is
triggered, which poses a potential threat to operating safety, then
the discussion of power quality becomes meaningless. The trade-
off is that for high-power industrial applications, power quality
is prioritized to reduce harmonic effects. While for light-load
and high-reliability applications, dc-side voltage stability over
the full-load range should be emphasized [13], [14].

However, it is worth noting that the Vienna rectifier is a
unidirectional energy transfer converter, and voltage control is
difficult at light loads, the main reasons are as follows [14], [15],
[16], [17].

1) Atlightloads, the output power and inertia are low. For the
dg rotating coordinate system, the accuracy and sensitivity
of the controller are not sufficient to provide a fast dynamic
response and stable voltage control.

2) The rectifier enters the discontinuous conduction mode
(DCM), and the inductor current drops to zero, which
means that no energy is transferred to the output during
some switching cycles.

3) The energy pulsations increase, and the dc-side capacitor
suffers from uncontrolled periodic charging and discharg-
ing, which can cause voltage fluctuation and overshoot.

4) The optimal parameters for the PI controller are different
under light-load and normal state.

However, as the controller is designed for continuous conduc-
tion mode (CCM), the voltage cannot be regulated correctly in
DCM. Therefore, the corresponding methods should be taken
to suppress voltage fluctuation and avoid system overvoltage
protection.
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There have been relatively few investigations into improving
the light-load performance of the three-phase Vienna rectifiers.
The typical control strategy for the three-phase Vienna rectifiers
is PI control in a synchronous rotating coordinate system, which
is based on CCM, so it is difficult to achieve stable control
of the output voltage at light loads. In [7], a control scheme
based on an exact analytical solution of the DCM duty cycle is
proposed, the priority is to prevent input current distortion under
light load, rather than dc voltage stability. This approach does not
require current measurements or an actual feedback control loop
because the feedforward calculation of the duty cycle is based
on the actual current reference amplitude [18]. However, there
is a significant overshoot in dc voltage when switching to light
load, and the characteristics of steady state under light load are
not discussed. A burst-mode control is proposed in [13], which
employs hysteresis loop control to determine the triggering or
not of the driver, thus limiting the output voltage to the hysteresis
loop range. However, whether the hysteresis loop control is
applied to the dc voltage or the voltage loop output, the dc voltage
ripple and dynamic characteristics can be further improved.
The burst-mode control is also employed in [19] to reduce the
loop current losses and improve the efficiency, but it can only
guarantee a limited voltage stabilization capability. Based on
the instantaneous input voltage levels, phase angles, and zero
quantities, a minimum power characteristic adaptive control
strategy based on CCM and DCM boundary is proposed in [16].
However, the dc-link voltage is deviated, and there is a lack of
experimental data to support the method. This method is also
regarded as feedforward control, which mainly emphasizes the
difference between the theoretical voltage based on the duty cy-
cle and the actual voltage under DCM [14]. Based on the analysis
of boundary conduction-mode control methods, Chen et al. [20]
introduced a variable feedback control to limit the duty cycle
under no-load conditions. For bipolar dc bus Vienna rectifier, the
dc offset of the neutral point voltage is more pronounced at light
loads, and a vector phase angle difference optimization strategy
is presented in [21]. The proposed strategy reduces the dc offset
of the neutral voltage at the cost of input current harmonics
and dc-side voltage fluctuations under light-load conditions, but
the focus is not on dc voltage stability. In [22], an optimal
switching sequence model predictive control (OSS-MPC) is
proposed. The OSS-MPC is responsible for current control, and
dc voltage regulation and neutral voltage balancing are realized
by PI control and redundant vector preselection techniques,
respectively. Compared with the traditional optimal switching
vector MPC, although the proposed strategy can control the
dc voltage stably under light loads, the voltage overshoot and
transition time are still too large, and its effectiveness under very
light loads requires experimental verification.

To address the problem of dc voltage runaway under light load
of the Vienna rectifier, this article proposes a direct modulation
index control strategy. The proposed strategy improves the dc
voltage stability and dynamic characteristics under light load at
the cost of input current harmonics. Several critical contributions
are made as follows.

1) The DCM critical load value is derived according to the

Vienna equivalent model. The causes and phenomena of
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Fig. 1. Topology of the Vienna rectifier.

voltage runaway under light load are described, and the
light-load state criterion is analyzed.

2) The effect of the modulation index on the duty cycle
and drive signal is analyzed, and the proposed light-load
control strategy reduces the duty cycle by directly adjust-
ing the modulation index. The design considerations and
tradeoffs are discussed. The proposed method is imple-
mented by proportional control and voltage feedforward,
which can ensure that, at any time, at most, only one
phase is in pulsewidth modulation (PWM) mode. This
control strategy minimizes the energy transfer path while
simplifying operating modes and control complexity.

3) To verify the validity of the proposed strategy, a Vienna
rectifier prototype is designed and built. The proposed
strategy’s performance is evaluated through simulation
and experimentation. Compared with traditional methods,
the proposed light-load control strategy effectively im-
proves dc voltage stability under steady-state and dynamic
conditions.

The rest of this article is organized as follows. Section II
introduces the Vienna equivalent model and derives the critical
load current for the light-load state. Section III discusses the
proposed direct modulation index control strategy and its oper-
ating principle. Section IV verifies the validity of the proposed
strategy through experiments. Finally, Section V concludes this
article.

II. THREE-PHASE VIENNA RECTIFIER OPERATING PRINCIPLE
A. Equivalent Model

The topology of the Vienna rectifier is shown in Fig. 1. u,
(x = a,b,c) represents the three-phase grid voltage, i, represents
the three-phase grid current, and e, represents the bridge mid-
point voltage. L, represents the three-phase boost inductor, uq. is
the dc-side output voltage, Ry, is the load, and N is the ac voltage
midpoint. The dc-side capacitor consists of two capacitors C,,
and C, connected in series, with each capacitor withstanding
half the voltage of ugqc.

The three-phase rectifier bridge employs diodes, and for each
phase, the bidirectional switch consists of two switch devices S,
and S,2 connected in reverse series, thus enabling bidirectional
current flow. The switches in a typical Vienna rectifier are hard
switched, not soft switched. The two switches share a common
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Fig. 2. Operating principle of the single-phase Vienna rectifier (a-phase pos-
itive half cycle). (a) When S, is turned OFF. (b) When S, is turned ON.

drive signal, eliminating the requirement for deadtime, which is
further simplified as a single bidirectional switch S, (x = a,b,c).
The three bidirectional switches are all connected to the dc-
side midpoint O to achieve a three-level output. By controlling
the three bidirectional switches, it is possible to regulate the
current in each phase to implement PFC. Since the three-phase
Vienna rectifier can be decoupled, the a-phase is taken as an
example in this article to illustrate its operating principle and
mathematical model. The following assumptions are made for
Vienna to facilitate derivation and simplification.
1) The losses of all switching devices are not considered.
2) The three-phase grid voltage is ideal and balanced, and
the system is operating in steady state.
3) The switching frequency is much higher than the grid
frequency.
4) The output voltages across the two capacitors on the dc
side are balanced.
The circuit voltage expression for a three-phase Vienna rec-
tifier is given by

Ljﬁ:uafRiafeaof’uON:uafRiafea
L%zub—Rib—ebo—uON:ub—Rib—eb (1)
LG = ue — Ric — €c0 — uoN = U — Ric — e,

where R is the line resistance of each phase, and e,o(x = a, b,
¢) is the voltage between e, and O. upy is the voltage between
O and N. e, is determined by the switching state and current
polarity, which can be expressed as follows:

eao = (1 — Sa)sgn (i,) =
ebo = (1 — Sp) sgn (ip) 5 (2)

Udc

€co = (1 - Sc) sgn (Zc) o

where sgn(i;) distinguishes the current direction, and S, is the
switching function, which can be defined as follows:

1 iy>0.,  f1 S,ON
Sgn(’”‘{q z’w<051’_{o s, 0. &

When the three-phase grid is symmetrical, the sum of the
three-phase voltages and currents is zero, according to (1) and (2)

€a0 + 61;)0 + €co _ )

Fig. 2 describes the operating principle of the a-phase Vienna
rectifier during the positive half cycle of u,. When the a-phase
switch §, is turned OFF, L, releases energy, and i, decreases
linearly, as shown by the red path in Fig. 2(a). When the switch
S, is turned ON, L, stores energy, and i, increases, as shown by

UON = —
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Fig. 3. Equivalent circuit of the single-phase Vienna rectifier.

the red path in Fig. 2(b). In the case of a three-phase balance, the
common-mode voltage uon can be represented by a CV source.
The rectifier regulates the input current through the inductor
and PWM, which provides a boost characteristic. The operating
principle is similar for the negative half cycle of u,. Thus,
the single-phase Vienna rectifier can be equivalent to a boost
converter, as shown in Fig. 3. Compared with a three-phase
four-wire system, the system mathematical model is similar,
with the difference being the introduction of a CV source in
the boost converter. However, the analysis process and control
method are identical.

B. DCM and Light-Load Condition

As the load current decreases, the Vienna rectifier will tran-
sition from CCM to DCM. According to Fig. 3, the average of
the a-phase inductor current in one switching period 7's can be
expressed as follows:

(Ua — uoN) 7,
(1—d.)*Ry

where d,, is the duty cycle of the switch S,. The ripple amplitude
of the inductor current is given as follows:

®)

<ia>TS =

Ai, = wdan, 6)
Lq
The conditions for a-phase to operate in CCM can be obtained
as follows:

Uqg — UON AZ.a

Ug — UON
N =2 ——d,Ts. 7
(1—d,)’R;, ~ 2 2L, @
The above equation can be further simplified as follows:
J>Jui CCM
J < Jui DCM
2L,
where J = R Jusi (do) = (1—=dg)dq. (8)

Jeri 1 the criterion for determining the boundary mode, and
the maximum value of J.,; is Jcri(é) = % . It can be seen that the
criterion is independent of the voltage and is the same for three-
wire and four-wire systems. The function relationship between
Jeri and the duty cycle is shown in Fig. 4. Equation (8) can be
expressed in terms of a resistor as follows:

R; < R, CCM
Rp > R, DCM
2L,
here Ryi = ————. 9
where “ Jeri (da) T ©
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Fig. 4. Function relationship between the boundary-mode criterion and the
duty cycle.

R.,i 1s the load value for boundary mode. When Ry, < R.,;, the
Vienna operates in CCM. On the contrary, Vienna operates in
DCM. The Viennarectifier entering DCM is a signal of light load
since the inductor current is insufficient to maintain continuous
conduction at this time. When the inductance and switching
frequency are fixed, the minimum critical load value can be
calculated. In the steady state, uq. should be controlled to the
reference uq. ref, then the corresponding load current critical
value can be obtained
Udc_ref

Rcri .

The operating state of Vienna is determined according to the
above equation. When iy >1jign¢, Vienna is in the normal state.
When ig.<ijight, Vienna is in light-load condition

T CCM

Go = 144/144d2 /J
% DCM.

Generally, DCM can be found in all boost converter-derived
topologies. Under light-load conditions, Vienna rectifiers are
prone to enter DCM, which is unavoidable. When operating
in DCM, the energy stored in the inductor is fully discharged,
the inductor current drops to zero during each switching cycle,
and the voltage gain differs from that in CCM, as shown in
(11). Due to the discontinuity of the current, the system exhibits
nonlinear characteristics, and the instantaneous power transfer
of the rectifier is unstable, and no energy is transferred to the
output during some switching cycles, resulting in unstable output
power on the dc side. This fluctuation in power transmission will
cause the dc-side voltage to fluctuate more at light loads. On the
other hand, Vienna rectifier controller is generally optimized
for CCM, while DCM cannot respond quickly and accurately
to load changes, and the performance of the feedback control
loop at light loads is reduced, making it difficult to maintain a
constant output voltage.

(10)

Ulight =

(11)

III. VIENNA RECTIFIER DIRECT MODULATION INDEX
CONTROL STRATEGY UNDER LIGHT LOAD

A. Normal State Control Strategy

The three-phase Vienna rectifier is a boost-type PFC, so it is
also suitable for the control method of the three-phase PWM
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Fig. 5. Typical control strategy for the three-phase Vienna rectifier in a
synchronous rotating coordinate system.

rectifiers. The typical control strategy in the synchronous rotat-
ing coordinate system is shown in Fig. 5. The control strategy
includes a voltage outer loop and a current inner loop. The
voltage outer loop is employed to control ug4. stability, and
its output is taken as the reference iy ¢ for the current loop
d-axis, which contains the current amplitude information. The
current inner loop controls the amplitude and phase of the input
current. The g-axis current reference i, ,¢f is set to O to achieve
PFC. The current loop outputs ug rof and uq rof, after dg/abc
transformation, are taken as the three-phase voltage reference
Uy vef (X = a,b,c) to generate the modulation signals.

If the influence of the g-axis component is ignored, ug yef
represents the amplitude of u,_,.r. The modulation index of the
system is defined as follows:

- 2U_ref

M = (12)

Udc

The duty cycle d, of the three-phase switch is calculated based
on u; ref, which can be expressed as follows:

dy =1 Mot _ ) 2tarersinet |
T udc/2 Uge

=1— M |sinwt,|,x =a,b,c. (13)

The modulation index can be directly modified by adjusting
Uq4_ref, thus changing the amplitude of the duty ratio. Taking
a-phase as an example, under normal conditions, the duty cycle
and drive signal of the Vienna rectifier are shown in Fig. 6(a). At
this time, M<1, d,>0, and S, always operates in PWM mode
during one line period. If u4_,.fis increased, M is also increased,
the amplitude of the duty cycle will increase accordingly, while
the average value of the duty cycle decreases. When M>1,
near the peak of u,, d, = 0 and S, is in the OFF-state. At this
time, the duty cycle and drive signal are shown in Fig. 6(b). Only
near the zero-crossing point of u,, which is shaded in Fig. 6(b),
d,>0, and S, operates in PWM mode. At light loads, high M
ensures that the duty cycle is O for most of the time, thereby
reducing energy transfer.
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(a) Modulation index less than 1. (b) Modulation index greater than 1.
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Fig.7. Three-phase duty cycle and switching state when the modulation index
is equal to 2.

B. Proposed Light-Load Control Strategy Based on the
Modulation Index

Vienna rectifiers can only transfer energy unidirectionally.
For control systems based on the dg rotating coordinate system,
when operating under no load, if the control method, as shown
in Fig. 5, is still employed, the ug ,or calculated by the PI
controller will exceed the theoretical steady-state value and
continue increasing, to further reduce the conduction time of
the switches, which will ultimately lead to dc-side overvoltage.

As seen from the previous analysis, the rectifier will transfer
energy to the dc side as long as a switch is turned ON. To reduce
the transfer power, it is essential to minimize the switch-ON time.
At light loads, it is possible to consider directly controlling
the modulation index to change the duty cycle. According to
the trigonometric function relationship and (12), when ug yef
>uge, M >2, there is no overlap in the conduction time of the
three-phase switches, as shown in Fig. 7. It can be seen that d,,
decreases to 0 at 7/6 and increases from 0 at 57/6. In the interval
[7/6, 57/6],d, = 0, S, = 0, and the a-phase switching devices
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Fig.8. Control block diagram of the proposed direct modulation index control
strategy under light load.

always remain OFF. Only in the intervals [0, 7/6] and [57/6,
7], S, operates in PWM mode, while S; and S, remain OFF. In
this case, at most, only one phase switch is in PWM mode at
any time, while the other two are turned OFF. Therefore, at any
given time, energy is transferred to the dc side through only one
phase at most, the average duty cycle is effectively decreased,
and the energy obtained from the ac side is greatly reduced.
For no-load conditions, most of the time, all switching devices
are turned OFF. When any one of the switches is turned ON,
the three-phase system does not form a current loop so that no
energy is transferred to the dc side.

At light loads, there is almost no energy consumption on the
dc side, the load power demand is significantly reduced, and
the rectifier operates at DCM, but the power conversion process
continues. The system has less inertia and is more sensitive to
disturbances. The accuracy and sensitivity of the PI controller
are not sufficient to provide a fast dynamic response. The voltage
loop may undergo frequent adjustments, while the response time
and feedback loop of the current loop experience a certain delay.
In addition, the optimal parameters for the PI controller are
different under light-load and normal state. The PI controller
parameters are generally optimized for heavy-load conditions.
Under normal conditions, the current loop can respond quickly
and accurately to load changes to ensure stable u4.. However,
at light loads, the feedback signal in the current loop is small,
and its regulation capability is greatly weakened. The system
tries to regulate the uq. to remain stable, but the integral term
is prone to over-reaction, causing the PI controller to constantly
correct the calculated values of ug_,or and iy ,er. The end resultis
fluctuations in uq.. Atlight load, the proportional and integral pa-
rameters should be reduced to avoid voltage oscillations caused
by overshoot and excessive response. The operating parameters
of the PI controller can be dynamically modified according to the
system load conditions, but parameter tuning is complex [23].

Fig. 8 shows the control block diagram of the proposed light-
load control strategy, which is implemented with P control and
dc-side voltage feedforward. P control monitors the uq, in real
time and amplifies the error between ug. and uqc rer. At light
loads, the uq. changes relatively slowly and a small steady-state
error is allowed, which will not significantly affect the system
performance. Although PI control can eliminate the steady-state
error, it may introduce unnecessary delay and overshoot at light
loads. The integral term accumulates error, which may cause
the system to overreact, resulting in voltage fluctuations and
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Fig. 9. Algorithm flowchart of the proposed light-load control strategy.

oscillations. Therefore, a P controller can provide fast response
characteristics and is easier to implement than a PI controller.
Under light-load conditions, even if a certain steady-state error
may be introduced by P control, it is acceptable as long as uq.
is stable. In addition, since u,_yof >u4. can ensure that, at most,
one phase switch is turned ON at any time, #4. can be employed
as a feedforward component, which is added with P control
output to form u4_,er. In this way, the response can be further
accelerated, and corrections can be made immediately once a
load step occurs.

The algorithm flowchart of the proposed light-load control
strategy is shown in Fig. 9. First, the operating state of Vienna
is determined based on the analysis in Section II. The state
judgment depends on two key parameters: ig. and uqc. igc 18
the most direct parameter for judging the light-load condition.
uq. is employed to detect overvoltage. When switching to a light
load, the system suffers from power imbalance, and the energy
stored on the dc side cannot be consumed in time, which causes
uq. to increase. Relying on only one parameter alone may make
it more prone to state misjudgment due to errors. Moreover,
the mean value filtering method, digital, and analog filters are
adopted to eliminate noise and errors, ensuring the accuracy
of the sampling signals. Therefore, to ensure the reliability
of state judgment, the criterion for light-load conditions can
be summarized as igc<ilight and uqc>udc_ref- Then, when the
system enters light-load mode, the control strategy, as shown in
Fig. 8, is adopted. Under normal conditions, the typical control
strategy, as shown in Fig. 5, is adopted. After state judgment,
when operating in light-load control, the switch position is 1,
and the sum of P control and dc voltage feedforward is adopted
as the ug4 yor. When operating in the normal state, the switch
position is 2, and the output of the PI current loop control is
adopted as the u_,of. The two states correspond to two different
control methods, and the u4 ¢ value is one or the other.

C. Operating Principle of the Proposed Light-Load Control

According to the polarity of each phase voltage, one line
period can be divided into six sections with a 60° interval, as
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Fig. 10.  Six operating sections and switching state distribution of the Vienna

rectifier. (a) Normal state. (b) At light load.

shown in Fig. 10(a). For the normal state, S, always works in
PWM mode, and each section contains eight operating modes
[S. Sy Sc], as shown in the table in Fig. 10(a). Among them,
“1” represents that the switch of this phase is turned ON, and
“0” represents that the switch is turned OFF. Take section 2 as an
example (#,>0, 1, <0, and u.<0). Fig. 11 shows the operating
modes and current loops under different switching states.

For the proposed light-load control strategy, when M is large
enough, S, only operates in PWM mode near the zero-crossing
point of u. In the interval [77/6, T/4], S . operates in PWM mode,
and there are only two energy transfer paths ([000] and [001]).
In the interval [774, T/3], S} operates in PWM mode, and there
are also only two energy transfer paths ([000] and [010]). The
original eight operating modes in section 2 are simplified to
three, thatis, [0 0 0], [0 0 1], and [0 1 O], as shown in Figs. 10(b)
and 11. Most of the time, all switches are turned OFF and the
switching state is [0 O 0], with almost no power flowing. At
any given time, at most, one phase switch is in PWM mode so
that energy transfer is limited to a certain phase. As a result,
the energy transfer paths can be reduced, which simplifies the
operating principle and control strategy at light loads.

D. Stability Analysis

Since the g-axis current is employed to achieve PFC in the
three-phase Vienna rectifier, whose reference is 0, it does not
affect the stability of the d-axis. Therefore, the main dynamic
characteristics of the system can be determined by analyzing the
transfer function of the d-axis.

When the system satisfies the unity power factor, the control
block diagram of the normal-mode control strategy can be
simplified, as shown in Fig. 12(a), where G, (s) is the voltage loop
PI controller, Cq. is the dc-side capacitor, and i, is the capacitor
current. The open-loop transfer function of the traditional control
strategy can be obtained as follows:

3ud RL

=G, (S) Gi_close (8) %m

Gv_open ( 14)

where G;_close(S) represents the current loop closed-loop transfer

function, which can be expressed as follows:

Gi (S) KP
(0.5TSS + 1) (SLa + R) + GZ (S) Kp

Gi_c]ose = ( 15)
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Fig. 12.  Simplified control block diagram of the (a) traditional control strategy
and (b) proposed control strategy.
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Fig. 13.  Nyquist diagram of the (a) traditional control strategy under heavy

load and (b) proposed control strategy under light load.

where G,(s) represents the current loop PI controller, K p is the
PWM gain, T is the sampling period, and R is the inductance
resistance. Fig. 13(a) shows the Nyquist diagrams of the normal-
mode control strategy.

The proposed light-load direct modulation index control strat-
egy employs P control instead of the voltage and current double-
loop PI control, and its simplified control block diagram is shown
in Fig. 12(b). The open-loop transfer function of the proposed
strategy can be expressed as follows:

3udPKPRL (1
2Ugdc (O.5TSS + 1) (SLa + R) (SRLCdC + 1) ’

Gp_open =

The Nyquist diagram of the proposed strategy is shown in
Fig. 13(b). The Nyquist curves of both the traditional control
under heavy load and the proposed strategy under light load
do not enclose the point (—1, jO) and do not introduce unstable
poles in the right half plane. It can be concluded that the proposed
strategy is stable.

IV. SIMULATION AND EXPERIMENT

A. Simulation Verification

The Vienna rectifier model is built in PSIM for simulation.
Fig. 14(a) and (b) shows the simulation waveforms of no and
light loads without the proposed direct modulation index control
strategy, respectively. It can be seen that, at no load, the ug ,cf
calculated according to the double-closed-loop control will ex-
ceed the theoretical steady-state value and continue increasing
to reduce the switch-ON time, which will eventually result in an
overvoltage of the uq.. At this time, with the traditional control
strategy, the amplitude of the duty cycle is slightly greater than
1, and most of the time, S, in one line period is in PWM mode.

For light-load mode, the energy stored on the dc side cannot
be consumed in time, while the response speed and regulation
capability of the PI controller are insufficient. The current loop
cannot provide the accurate response, so the integral of the PI
controller in the voltage loop is prone to over-reaction. iy yef
constantly adjusts to control the power supply of the grid current,
causing uq. to oscillate. ug or cannot achieve high-precision
output, and u. fluctuates widely, which is not conducive to the
stable operation of the rectifier.

Fig. 15 shows the simulation waveform of the proposed con-
trol strategy. When the Vienna load changes, u4. can be stably
controlled with almost no fluctuation. Since the modulation
index is directly adjusted by adjusting the amplitude of ug ycf,
the proposed strategy can provide excellent dynamic response
and nearly no voltage overshoot during no-load switching. In
steady state, different control strategies are adopted for the two
load conditions. At light load, M>2, the amplitude of the duty
cycle is much larger than that in normal mode. Only one phase
switch is in PWM mode at most, which can effectively limit
energy transfer.



WANG et al.: DIRECT MODULATION INDEX CONTROL STRATEGY FOR THREE-PHASE VIENNA RECTIFIER AT LIGHT LOAD

12641

- T —

NN ) {7~
RO
AAAAANAA ,\V\,/ AN

J/\/\

XYY X
A/ \\/ XAANRS

Fig. 14.

RS
]

\
1
.Y \,, A3

T

(b)

iHIH

I H

T

Fig. 15.

I
I e —
;lMMIMHHMH\MHMW I
AR

J‘ Wirsmmwwmmmmmmmmmmmmmo
‘ \
‘,m. um“,, t

o 0 O}

Fig. 16.

Fig. 16 verifies the control effect when switching from normal
mode to 100-W light-load condition using different proportional
gains. It can be seen that different proportional gains can ensure
the stability of ug4. under light load. A lower proportional gain
(P = 300) results in a slower voltage response, and voltage
deviations may occur when the load changes. A higher propor-
tional gain (when P = 6000) can improve the response speed.
However, when the proportional gain is further increased (when
P = 30 000), there will be no significant improvement in the

Time(s)

(b)

@ ol

Control effect when switching from normal-mode to 100-W light-load condition using different proportional gains. (a) P=300. (b) P=6000. (c) P=30 000.

dynamic response, which may lead to high spikes in the ac
current. The proportional gain selected in this article is 6000,
which balances response speed and stability.

B. Experimental Verification

To verify the feasibility of the proposed strategy, a 50-kW
three-phase Vienna rectifier prototype is designed and built. The
prototype is shown in Fig. 17, and the system specifications
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P Iienna Rectifier

0 1oltage
Sensing

Fig. 17. Designed three-phase Vienna rectifier prototype.

TABLE I
PROTOTYPE SPECIFICATIONS

Parameter Value
Single-phase AC Input RMS Voltage 220V
DC Output Reference Voltage 600 V
MOSFET Switching Frequency 24 kHz
Maximum Output Power 50 kW
DC side capacitance 2040 pF
Inductance La,p,c 400 uH
VIENNA Power Module NXHO020U9OMNE2PTG

are listed in Table I. The NXHO20U90OMNEF?2 is employed as a
Vienna power module. The DSP TMS320F28377D is employed
as the main controller.

Fig. 18(a)—(c) shows the start-up, 15-kW, and 40-kW steady-
state waveforms, respectively, under normal states. In the nor-
mal state, a double-loop control strategy in the dg coordinate
system, as shown in Fig. 5, is adopted. The system provides
good dynamic and steady-state responses. Except for light-load
conditions, the total harmonic distortion (THD) is less than 5%,
with a minimum THD of 2.5%, and the efficiency is higher than
98%, with a maximum efficiency of 99.23%.

The dynamic experimental waveforms of the 1.2-kW light
load without and with the proposed control strategy are shown
in Fig. 19(a) and (b), respectively. The steady-state experimen-
tal waveforms of the 1.2-kW light load without and with the
proposed control strategy are shown in Fig. 20(a) and (b), re-
spectively. For the traditional strategy, the same control strategy
is adopted as in the normal state. As can be seen, similar to the
simulation results, the uq. contains a ripple of nearly 50 V at
light load, and the ac-side input current fluctuates accordingly,
which is detrimental to system safety and stability. Therefore, the
normal state control strategy, as shown in Fig. 5, is not applicable
under light load. In contrast, for the proposed direct modulation
index control strategy, when switching to light load, u4. has very
little overshoot and responds quickly. At light-load steady state,
u4. contains almost no ripple.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 40, NO. 9, SEPTEMBER 2025

The dynamic experimental waveforms of the 720-W light load
without and with the proposed control strategy are shown in
Fig. 21(a) and (b), respectively. When the traditional method
is adopted, uq. will rapidly increase to trigger overvoltage
protection at the moment of load switching. For lighter loads,
the overvoltage protection will also be triggered, which is not
beneficial to the safe operation of the system. Therefore, the
traditional strategy is not feasible under such very light loads
and no loads. Instead, the proposed strategy ensures smooth
switching to light-load mode with almost no voltage fluctuation.

Figs. 22-24 show the experimental waveforms at 150 W,
100 W, and no load, respectively, with the proposed direct
modulation index control strategy. Under different light-load
conditions, the proposed strategy can quickly respond to light-
load changes, and the uq. in the transient state also fluctuates
very little. In steady state, the proposed strategy can achieve
stable control of u4. under all conditions, and the ripple content
is very low compared with the traditional method. As can be seen
from the steady-state waveform, the proposed strategy cannot
achieve PFC and low THD under light load, and the current has
high spikes, but this will not cause system failure. The current
waveform exhibits the characteristics of a “tall and skinny”
shape, which is similar to the diode uncontrolled rectification
waveform. At light loads, a tradeoff is required between the u
stability and the ac quality. The uq. fluctuation may lead to the
degradation of performance and reliability. In particular, under
no-load and very light conditions, the proposed strategy can
also control the dc voltage to remain stable without triggering
overvoltage protection, which is not provided by other methods.
Under such light-load conditions, the current THD will not be
ideal no matter which control method is adopted.

Fig. 25 shows the transient response waveform when the
system switches between 7.2 kW and 100 W with the proposed
strategy. The proposed strategy not only responds to light-load
changes but also maintains excellent voltage stability during
high-power load step. The low oscillation of both u4. and i,
verifies that the proposed strategy can ensure that the system
quickly and stably returns to normal mode. In addition to the
switching between light-load and normal mode, Fig. 26 shows
the dynamic waveform when the light-load condition changes
between 820 and 100 W. When the system switches between
different light-load conditions, the u4. also fluctuates very little,
indicating that the proposed strategy offers good steady-state
regulation performance under light-load conditions as well. The
above experimental results further demonstrate that the proposed
approach can provide stability and fast dynamic response when
switching across the full-load range.

At light loads, the efficiency measurement may not be very
stable and accurate. This is because the ac-side current always
fluctuates and has spikes, resulting in unstable current measure-
ments. It is essential to highlight that, although the proposed
strategy efficiency, PF, and THD are limited at light loads, it
ensures system stability and reliability under conditions where
the traditional strategy fails. If the system stability cannot be
guaranteed, then there is no meaning in discussing efficiency
and THD. During light-load conditions, the power drawn from
the grid is low, so a low THD and efficiency will not have a
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significant impact on grid stability. The efficiency and power at light loads, the input current deviates from the ideal sine
quality issues should be focused more on rated load and high wave, and the high spikes result in high THD and low PF.
power, therefore ensuring reliable operation under light loads However, in normal mode, the fundamental current increases,
more than efficiency and power quality improvement. the input current becomes more sinusoidal, the relative per-

Table IT compares the proposed strategy with previous works. — centage of harmonics decreases, and the PF tends to increase.
Compared with previous works, the proposed method provides The proposed strategy was tested under more comprehensive
better dc voltage stability and dynamic response. However, the light-load conditions. The proposed control strategy is entirely
price is that THD and power factor (PF) are not excellent. In  software-based, without modifying the hardware circuit, so it is
the proposed method, due to the uneven switching distribution easy to apply or extend to other Viennarectifiers. In summary, the
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TABLE II
COMPARISON OF THE PROPOSED METHOD WITH PREVIOUS WORKS

Light load power ?i](ip\;glrt:;gee Overshoot Transient time THD PF
1.2 kW <0.25% <1.7% <150 ms >150% 0.53
Proposed 100 W <0.15% <1.7% <150 ms >100% 0.62
No load <0.1% <1.7% <150 ms - -
1.2 kW 8.33% 6% >330 ms >65% 0.8
Traditional <720 W Overvoltage - - - -
No load Overvoltage - - - -
[7] No load Unknown >5.6% Unknown - -
[13] No load 0.25% >6% Unknown - -
[16] (Sirllfl,?la\?ilon) Unknown 1.1% >120 ms Unknown Unknown
[21] 320 W >2.6% Unknown Unknown >44.1% Unknown

proposed direct modulation index control strategy can provide
excellent dynamic and steady-state responses at light loads,
thereby optimizing the light-load performance and stability of
the Vienna rectifier.

V. CONCLUSION

This article proposes a direct modulation index control strat-
egy to mitigate 1. fluctuations under light load. First, the single-
phase Vienna rectifier is modeled as a boost converter. Based on
this, the critical load current value of the transition from CCM

to DCM is analyzed, and a light-load state judgment criterion is
obtained. Then, under the synchronous rotating reference frame
control strategy, the effect of the modulation index on the duty
cycle and drive signal is discussed. When the modulation index
exceeds 2, there is no overlap in the conduction time of the
three-phase switches, and at any time, only one phase switch is
in PWM mode at most, so the energy obtained from the ac side
is greatly reduced. By adjusting the modulation index, the duty
cycle can be greatly reduced. Therefore, a direct modulation
index light-load control strategy is proposed, which is imple-
mented using proportional control and voltage feedforward.
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Moreover, the proposed control strategy is adopted at light load,
while under normal conditions, the conventional control strategy
is still adopted. The proposed strategy simplifies the original
eight operating modes to three, which reduces the energy transfer
path and simplifies the operating principle. Finally, to validate
the effectiveness of the proposed strategy, a 50-kW three-phase
Vienna rectifier prototype is designed and built. Simulation and
experimental results show that under different light-load con-
ditions, the proposed strategy can quickly respond to light-load
changes, and there are minimal uq, fluctuations in the transition.
Stable uq. control is also achieved in steady-state operation.
In the future, the following two aspects can be considered for
in-depth research of the light-load control strategy. One is to
improve the current THD and PFC under light-load conditions
while ensuring the stability of the u4.. The second is to explore
the segmented optimization control strategy under different load
conditions.
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