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Abstract: Rectifiers with high efficiency and high power density are crucial to the stable and efficient power supply of 5G communication
base stations, which deserves in-depth investigation. In general, there are two key problems to be addressed: supporting both alternating cur-
rent (AC) and direct current (DC) input, and minimizing the common-mode voltage as well as leakage current for safety reasons. In this paper,
a hybrid five-level single-phase rectifier is proposed. A five-level topology is adopted in the upper arm, and a half-bridge diode topology is ad-
opted in the lower arm. A dual closed-loop control strategy and a flying capacitor voltage regulation method are designed accordingly so that
the compatibility of both AC and DC input is realized with low common voltage and small passive devices. Simulation and experimental re-

sults demonstrate the effectiveness and performance of the proposed rectifier.
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1 Introduction
ith the development of 5G networks, reliable
power supply is the key to ensuring the safe and
stable
Higher power efficiency, lower power noise, and

operation of communication systems.
higher stability and reliability are required. Therefore, the ap-
plication of power factor correction (PFC) rectifiers in commu-

31 mainly

nication power supply has attracted wide attention! -
to meet the power quality requirements of 5G communication
base stations as well as the need for alternating current (AC)
and direct current (DC) input switching!*.

At present, many researchers study multilevel convert-
ers ® which can control the output terminals of different DC
power supplies connected in series through a specific circuit
topology. With the change of different switching states of the
circuit, the multi-step wave can be equivalent to a sine wave.
Compared with the traditional two-level converter, multilevel
converters have the following advantages: 1) The voltage stress
of semiconductor switching devices is reduced to achieve a
higher level of voltage and power output; 2) it has high output
power quality, smaller dv/dt, low total harmonic distortion
(THD) and electromagnetic interference; 3) it can operate at
both the fundamental wave and high frequency switching fre-
quency, reducing the switching loss of power switches and im-
proving system efficiency. Thanks to the above advantages,
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multilevel rectifiers are widely used in power supply sys-
tems, power factor correction, battery energy storage systems

7-81 However, the multilevel con-

and other applications
verter still has some shortcomings, one of which is that the
number of switching devices increases exponentially with the
increase of the level numbers, and each switch requires a
gate driving circuit, which complicates the control strategy of
the system and increases the cost”. In order to pursue better
performance, researchers continue to innovate and improve
the multilevel topology.

Among various multilevel converters, the five-level active
neutral-point-clamped (5L-ANPC) topology is a topology with
high practicability and good economy. Compared with the cas-
caded H-bridge (CHB) converter, only one DC source is
needed. Compared with the neutral-point-clamped (NPC) con-
verter, the number of clamping devices is reduced. Neverthe-
less, the number of redundant switches is increased by intro-
ducing the flying capacitor. The DC link is divided into two
parts, which reduces the difficulty of voltage equalization of
the DC capacitor and realizes the capacitor voltage balance
through a certain control algorithm. Compared with the flying-
capacitor (FC) converter, 5L-ANPC greatly reduces the
amount of capacitance used and has great advantages''”. In or-
der to suppress the common-mode voltage better, the combina-
tion of upper and lower bridge arms is adopted to further in-
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crease the number of levels and reduce dv/d¢ in this paper.
Otherwise, if the SL.-ANPC topology is adopted for both upper
and lower bridge arms, 16 switches are required. The number
of switches is too large to meet the requirements of high power
density. This paper presents a hybrid rectifier topology by
combining the upper bridge arm 5L-ANPC and lower bridge
arm diodes.

The rest of the paper is organized as follows. In Section 2,
the operating characteristics and the control strategy of the 5L-
ANPC hybrid rectifier are introduced, including FC voltage
regulation. In Section 3, simulations and experiments verify
the effectiveness and performance of the strategy proposed in
Section 2. Finally, the conclusion is given in Section 4.

2 Working Principle

2.1 Topology Analysis

A traditional multilevel topology is difficult to apply in five
or higher levels because of the inability to control the point
voltage in the bus bar and the excessive number of clamping
elements. The SL.-ANPC has aroused wide concern after it was
proposed. It can improve the output voltage level, using fewer
devices when outputting the same number of levels, and its ca-
pacitor voltage equalizing control algorithm is relatively
simple, which has great application potential in switching
power supply.

The AC/DC rectifier circuit needs to realize power factor
correction and suppress common-mode current. More levels
can be achieved through the combination of upper and lower
bridge arms, but it conflicts with the demand for high power
density. Therefore, the topological structure of five levels on
the upper arm and the diode on the lower arm is adopted, as
shown in Fig. 1.

The upper bridge arm is a single-phase SL. ANPC converter
topology, consisting of 8 switches with inverse shunt diodes,
an FC C,, and two supporting capacitors C, and C, on the DC
side. The first part consists of two supporting capacitors and

Output side

Input side

A Figure 1. Topology of hybrid 5L single-phase rectifier (adopting two-
stage bridge scheme)

four switching devices, which are used to clamp the busbar
voltage. The latter part uses the FC structure for multilevel
output. Assuming that the voltage at the DC side is 4F, the
conditions for the topology to work properly are as follows. 1)
The voltage of the two support capacitors at the DC side is
basically the same, that is, U, = U, = U, /2 = 2E. 2) The volt-
age of the flying span capacitor is ensured to be basically
stable, i.e., U= U, /4 = E.

The corresponding switching devices of 5L ANPC converter
topology are complementary, and their actions must follow the
following switching principles®™: 1) The switching devices
S,and S5, S,and S, must be turned on or off at the same time,
respectively. The two groups are complementary and operate
at power frequency; 2) The switching devices Ssand S, S, and
Sgshould be complementary respectively and operate at the
switching frequency; 3) When switching mode of switches is
selected, two pairs of switch devices operating at the same
time is usually avoided.

The positive direction of the output current i, of the con-
verter bridge arm and the FC current i; are denoted in Fig. 2.
All switching states and their related currents can be obtained
in Table 1. Tt can be seen that there are eight different switch-
ing states from V| to Vg, and the rectifier can produce five volt-

() 05V,2 @ v, 2

de

A Figure 2. Status of the direct current (DC) input switching

V Table 1. Five-level active neutral-point-clamped (5-L. ANPC) converter
switching

S, S, S, S, S, S S S Voo i i
v 0 o 1 1 0 1 0 1 =2E 0 0
vy o 1 1 0 0o 1 0 1 -E 0
v 1.0 o0 1 0 1 0 1 -E =i i
v, 1 1 0o o o 1 0o 1 0
v, 0 0 1 1 10 1 0 0 0 i
v, 0 1 10 1 0 1 0 i i
v 10 0o 1 1 0 1 0 E - 0
v 1 1 0 o0 1 0 1 0 26 0 0
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age levels under the equilibrium condition, namely 0.5 V,,
0.25 V,., 0, -0.25 V,, and —0.5 V.. When the output level is
—E, 0 and E, there are two redundant switching states respec-
tively, and when the output level is —=F and E, the correspond-
ing two switching states, namely (V,, V;) and (V,, V), have op-
posite effects on the charging and discharging of the FC voli-
age. The voltage equalizing control of FC can be realized by
adjusting the two switching states properly.

For a single-phase rectifier, common-mode voltage is de-
fined as V, =(V,+V,)/2, where V,, and V, are the voltages of
bridge arms A and B, and the common-mode current has a di-
rect relationship with the amplitude of common-mode voltage
and the step slope dV,_ /di. Therefore, effectively reducing the
amplitude and jump slope of common-mode voltage can effec-
tively reduce the common-mode current.

The proposed five-level topology has a total of eight
switching devices, which need to provide eight +15 V/=5V
on/off signals to ensure the safety and accuracy of the driv-
ing signals. The vertical switches S, - S, are operated at the
power frequency and can be isolated from the main circuit
by an isolation transformer. The switches Sg - Sg are oper-
ated at the high frequency, where the upper and lower pairs
are conducted complementarily. To simplify the drive cir-
cuit and reduce the cost and complexity of hardware imple-
mentation, the bootstrap drive circuit can be adopted to
split the power supply into two groups to reduce the number
of independent isolated power supplies.

2.2 DC Input Case

The proposed converter also supports DC input voltage. For
the DC input case, the operation of this converter is down-
graded to a three-level boost circuit. In order to preserve the
five-level scheme under AC input and avoid the problem of
large common mode inductance required by the two-level
scheme for DC, the three-level control strategy for DC is ad-
opted after research.

In the proposed three-level control strategy, V,, shall be
equal to (1/2)V,., namely 200 V. Voltage levels 0, 0.5 V,,
and V,, are used to synthesize voltage. When duty cycle d<
0.5,0and 0.5 V,

d

. are used to synthesize voltage; when 0.5<
d<1, 0.5 V, and V,, are used to synthesize voltage. There

are four switching states as shown in Fig. 2, among which

057V

de

corresponds to two switching states. The FC is used
to realize time-sharing in parallel with the upper and lower
capacitors, so as to achieve voltage balancing between ca-
pacitors C, and C,. The on-off time of the two switching
states is the same and the carrier phase-shift modulation
strategy, phase-shift pulse width modulation (PS-PWM), is
adopted. For the DC input case, the three-level switching
states are shown in Table 2.

2.3 Control Strategy
Regarding the design of a single-phase five-level rectifier
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VTable 2. 3-L boost switching table in a direct current (DC) case

s, s, s, s, S, s, s, 5
v, 0 1 0 1 0 1 0 1
v, 0 1 0 1 1 1 1 0
v, 1 0 1 0 1 1 0 1
v, 1 0 1 0 1 0 1 0

with excellent performance, it is necessary to meet the follow-
ing aspects: achieving unit power factor operation and ensur-
ing that the output voltage of the DC side is stable within an
allowable error range. Therefore, a double closed-loop control
method is proposed for the 5L, ANPC rectifier studied. The AC
input control block diagram of the circuit topology is shown in
Fig. 3.

1) Dual control loops: The dual closed-loop control strategy
of the voltage outer loop and current inner loop is adopted.
The outer loop voltage control mainly tracks the DC side volt-
age magnitude to realize voltage stability, so as to reduce the
DC side voltage fluctuation as much as possible. By taking the
difference between the DC side voltage sampled in real time
and the reference voltage, the difference is processed and fed
back to the system by the voltage regulator to control the DC
voltage of the bus side. The current control target of the inner
loop is the current magnitude of the filter inductor on the AC
side. Compared with the given signal of the inner current loop
obtained after the setting of the outer voltage loop, the power
factor can be adjusted to keep the current sinusoidal. The sig-
nal processed by the current controller is used as the modu-
lated signal of the main circuit switching device, which is com-
pared with the triangular carrier to generate a PWM wave.

The switching function of the switches S, and S, is defined
as S, the switching function of switches S; and S, is respec-

=C, %
ak
A
=C

Am

calculation

Power frequency

Modula-

tion wave

\

calculation

High-frequency

PI: proportional-integral ~ PR: proportion resonant

A Figure 3. Feedforward control block diagram
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tively S5 and S, and then the output voltage can be written as:

V,=[2 (S -

0 )+ 85+ 8, < B 1)

2F is selected as the voltage base value, and then the stan-
dardized output voltage range is [-1, 1]. To make the switches
S, and S;work at the fundamental frequency, S;,; can be writ-
ten as:

I,1<o,<0
f”_%o,lsvoso, )
where v, is the reference value of the single-phase input volt-
age. Phase-shift pulse width modulation (PSPWM) is adopted
in this paper with superior ability of FC voltage control. Ac-
cording to the principle of PSPWM modulation, the modula-
tion voltage u,, of the switches S; = S¢ can be written as:

v 0<v, <1

Uper =

v, +1,-1<0, <0, (3)

Under the SPWM modulation, the reference sinusoidal volt-
age of the single-phase output of the converter is:

u,=m-V, -sin6, (4)
where V, is the AC voltage amplitude when the modulation ra-
/2, and V,, is the DC side volt-

d

tio is maximum, V, = 2E =V,
age; m represents the modulation ratio, where m =u, /V, ,
0< m < 1, and u,, is the actual output voltage amplitude; 6 rep-
resents the voltage phase angle, where 6 = 2mfi, and f is the
voltage frequency.

2) FC voltage regulation: One of the major control difficul-
ties of 5L ANPC is to balance the FC voltage to achieve the
desired output voltage. As can be seen from Fig. 4, the bal-
ance of the voltage at both ends of C, determines whether five
levels can be generated normally. Therefore, ensuring the sta-
bility of the flying capacitor voltage is crucial to normal opera-

V61 VS5 V71 V51V6 V8 VT V8. V6  V2I VI IV3I VI IV2 V4 V3 V4.V2

AFigure 4. Modulation diagram under different modulated wave m_range

tion. If the voltage fluctuation is too large, the output voltage
quality cannot be guaranteed, resulting in serious waveform
distortion and other problems. On the other hand, the voltage
fluctuation of the flying capacitor will directly affect the volt-
age stress of the switching devices. Under normal working con-
/4, and
the voltage fluctuation will directly lead to high voltage stress

ditions, the voltage borne by each switch is about V,
of the switches. Therefore, considering the above two consider-
ations, the control goal must be achieved within the range of
voltage stress constraints and output harmonic distortion con-
straints of switching devices.

There is a 180° phase shift between carriers C,, and C,,, cor-

responding to S, and S ,, respectively. As can be seen from

29
the above section, the FC voltage can be adjusted by changing
the working time of the redundant switching state (V,, V) or
(Vy, V,) within one carrier cycle, which can be easily realized
by modifying the modulated waves of S ; and S ,. For example,
when the S, modulated wave residence time increases Am,
and the S, modulated wave residence time decreases Am_,
there is a total of 2 Am__current over one current-carrying
cycle to charge the FC. Define the average terminal voltage of
a carrier cycle as v, and calculate it to satisfy the volt-second
balance. At this time, the average current through FC can be

written as:
- 2A¢ «
1, =—— X1
LT (5)

The time width is very small and can be adjusted with a
proportional-integral (PT) controller or a hysteresis compara-
tor, or a constant value can be selected. With this method, the
FC voltage can be easily stabilized near its reference value.

3 Simulation and Experimental Results

A 5L ANPC rectifier simulation model is established un-
der the MATLAB/Simulink simulation tool, and the simula-
tion analysis is carried out according to the required techni-
cal indicators.

In an AC input condition, it can be seen from Fig. 5 that the
bridge arm voltage has seven levels, and the common-mode
voltage is small. At this time, the sinusoidal degree of the in-
put current is good and basically consistent with the voltage
phase. The power factor is 1, which can realize the unit power
operation.

In order to verify the effectiveness of the topology and con-
trol strategy in this paper, a 1 kW experimental prototype is
built as shown in Fig. 6. The input port is located on the right
side of this figure while the output port on the left side. The
two vertical circuit boards are control and drive circuits re-
spectively.

Firstly, the feasibility of the modulation strategy adopted in
the reverse inverter experiment is verified. Fig. 7 shows the
waveform of the bridge arm levels, the output AC voltage, the
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400 Input voltage/V
-400
20 Input current/A
-20
10 20 30 40 50 t/ms
400 Bridge-arm voltage/V "
-400
250 Common-mode voltage/V
-250
10 20 30 40 50 t/ms

AFigure 5. Waveform of alternating current (AC) input condition

A Figure 6. Experimental prototype

U, (100 V/div) U (100 V/div)

(100 V/div)

zkl

A Figure 7. Key waveforms of inversion

output AC and the FC voltage. The DC bus voltage is 375 V
and the load is 120 (). In this case, the output voltage is stan-
dard five levels, each level of which is V, /4, and the flying ca-
pacitor voltage is stable at V, /4. The output current has low
harmonic content.

As shown in Fig. 8, the rectifier capability is verified. The in-

82 | ZTE COMMUNICATIONS
December 2023 Vol. 21 No. 4

put voltage is 220 V__, the peak input current is 10 A, the out-
put voltage is 400 V,, and the FC voltage is 100 V. Fig. 8(a)
shows that the voltage ripple across the FC is 12 V and the cur-
rent ripple is about 1 A. As shown in Fig. 8(b), after adopting
the FC voltage balance control, the FC voltage can basically
maintain balanced near the reference value. The voltage ripple
is 6 V and the current ripple is about 0.4 A. It can be seen that
the level stability is improved, and THD is reduced from 6.72%
to 4.27%, which verifies the effectiveness of the flying capacitor
control strategy.

Fig. 9 shows the waveform of dual control loops rectifier
condition, including input current i, terminal voltage V,, out-
put voltage V., and input voltage V,.. The input is 220 VAC
and the load is 150 €). It can be seen that the combination of
two bridge arms produces seven voltage levels. The second-

A Figure 8. Voltage and current waveforms of full load: (a) with open-
loop control and (b) with flying-capacitor (FC) voltage control strategy

10 A/dIV (100 V/div)

VAR

»

(100 W/div)

de

U (100 V/div)

A Figure 9. Experimental waveforms of rectification under dual control
loops
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order voltage ripple of the output voltage is less than 20 V,
and the current sinusoidal degree satisfies THD=3.89%.

Fig. 10 shows the experimental waveform of transient switch-
ing. As shown in Fig. 10(a), when the reference voltage changes
from 370 V to 400 V, the output voltage reaches the new steady-
state value within one period (13 ms) without significant over-
voltage. As shown in Fig. 10(b), in the case of full load switch-
ing to half load, the amplitude of AC stabilizes at 1/2 of its origi-
nal value after a short fluctuation. Transient experimental re-
sults show that the closed-loop control strategy has good dy-
namic response performance.

The experimental waveform under the DC input condition is
shown in Fig. 11, where the input voltage is 120 V and the out-
put voltage is 200 V. The bridge arm voltage can be composed

Zooming Rate: 5X Zooming Position: 95.2 ms

U, (100 V/div) U,/ (100 V/div) '

N

U, (100 V/div) i, (5 A/div)

(a)

kb
(OO YT

o
Zooming Position -154 ms

Zooming Rate: 10X

U (100 V/div) /U, (100 V/die):

/U, (100 V/div)

(b)

A Figure 10. Dynamic characteristic test waveforms: (a) reference volt-
age value changing from 370 V to 400 V and (b) full load switching to
half load

U, (50 Vidiv)

' U, (50 Vrdi
U} (50 V/div) £ (50 Vidiv)

()

A Figure 11. Experimental waveform under a direct current (DC) input
case

of two levels, namely, 100 V and 200 V. Therefore, the feasi-
bility of the control strategy is verified.

4 Conclusions

To achieve low common-mode voltage and high power den-
sity, this paper proposes a multilevel PFC topology suitable
for the communication power supply of 5G base stations. It is
a hybrid topology consisting of a five-level ANPC bridge and
a diode bridge. A 1 kW experimental prototype is estab-
lished, which verifies the proposed working principle and
control strategy.

Using the modulation strategy of PS-PWM, the converter
produces seven levels while the dv/dt is reduced to V /7,
which greatly inhibits the common-mode voltage and reduces
the leakage current. Moreover, by adjusting the redundancy
switching state action time to balance the flying capacitor volt-
age, the total harmonic distortion can be suppressed by less
than 4%. A dual closed loop system with PI control of the volt-
age outer loop and quasi-proportion resonant (quasi-PR) con-
trol of the current inner loop is used to realize zero static error
tracking. The output voltage is stable within an allowable de-
viation range, and the control performance is great. Further-
more, the AC and DC input switching is realized to ensure the
reliability and flexibility of the power supply.
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