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Abstract: This paper proposes a modularity for paralleling different rated power supplies
without adding a circuit in the feedback loop by using direct and overlapped switching methods.
Unlike an isolated output diode, the use of an isolated output switch composed of two
Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs) can reduce power dissipation.
The control module includes switches and a micro-programmed controlled unit that realizes
the modularity by using multi-phase switching methods. The proposed module was studied,
and experiments of two rated power supplies (60 and 45 W) were conducted to verify the
studied results.

Keywords: modularity; current sharing; different rated power; paralleling; control module; isolated
MOSFET; multi-phase switching

1. Introduction

Collecting energy from multiple sources as a more reliable approach for powering Internet of
things (IoT) end-nodes was presented by Johan et al. [1]. Owing to the growing importance of
reusability, the paralleling of several power supplies is preferred over the redesign of a large rated
power supply. Conventional paralleling methods were presented by Chiang et al. [2]. However,
problems still exist in the design of feedback gain by using paralleling methods. Su and Lin [3]
presented a multiphase switching method. An auto-tuning method can improve feedback gain. In this
study, we propose the use of modularity to realize external paralleling through multiphase switching
methods. In addition, we discuss the parallel placement of different rated power supplies without
designing the feedback circuit in advance. Furthermore, direct and overlapped switching methods are
proposed for the control module to parallel different rated power supplies. The benefits of this module
over parallel power supplies include both more flexibility without the need to design a paralleling
circuit in advance and saving power dissipation by replacing the output isolated diode with a switch
composed of two Metal-Oxide-Semiconductor Field-Effect Transistors (MOSFETs). Experiments of
paralleling 45 and 60 W power supplies were conducted to verify the studied results.

Inrecent years, the Internet has developed rapidly, thus creating a growing demand for data centers.
These require power supplies which have more renewable, redundancy, and paralleling functions.
In current technology, paralleling power supplies often use the same rated output power [4-9]. In order
to achieve balanced current, the output voltage of each power unit must be similar.

Figure 1 shows two power supplies paralleled together. Each power supply operates at a different
output voltage (Vol and Vo2). While these two power supplies are paralleled together, the power
supply with the higher output voltage would supply a higher current, and then its output voltage
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would decrease until it fell below the output voltage of the other power supply. As shown in Figure 1,
the power supply with the higher output voltage would supply a higher output current, %" + Al
while the output current of the other would decrease to 17" — Al In order to achieve balanced current,
a current feedback control method needs to be used.
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+Vo2
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Vol, 2+ Al
—_—

Power Supply 1 —H— i
o, Io
— System Load
Power Supply 2 —Hi

Current

Figure 1. Supplying power by paralleling power supplies: (a) represents the block diagram of
paralleling power supplies, and (b) represents the relationship of output voltage and output current
while paralleling power supplies.

2. Related Works

There are many kinds of paralleling methods, and these can be classified into two categories:
droop methods and active current sharing methods (presented by Luo et al. [10]). The droop method
uses a resistor placed in series with the output to sense a voltage drop while current is passed through,
and the pulse width is adjusted by the voltage drop to achieve balanced current. The active current
sharing method combines inner loop regulation or outer loop regulation with a current programming
controller. A current sharing bus is used to supply a reference voltage to active current sharing methods.

2.1. Voltage Droop via Output Current Feedback

A resistor—which is placed in series with the output—will produce a voltage drop, R;;. A block
diagram is shown in Figure 2. The output voltage can be expressed as:

Vo= Voi - IoiRsi (1)

where V,; is the output voltage, I is the output current, V; is the Pulse Width Modulation (PWM)
adjustment signal, and Rg; is the resistor series with output load; i is in the range from 1 to N.
Vsensei = LoiRsi, and each power supply is adjusted by the PWM according to the compensator signals
Vi, which were produced by processing Vsensei, Vo, and V.

Ver Ve
| PWM |-——|C Compensator }'70

Power supply 1 Vref

System Load

Vin Voo Loz Rsz
B teo ||
s V|
l PWM H Compensator |

Power supply N Vref

Figure 2. Paralleling power supplies by voltage droop method.
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The advantages of droop methods are that they are easy to implement, can be combined without
any additional current sharing bus, and have high reliability. The disadvantage is that they have worse
load regulation.

2.2. Outer Loop Regulation

In Figure 3, each power supply has an independent voltage feedback loop and current programming
controller. The current programming controller senses the output current signal Vgense1—Vsensen and
compares it with a voltage signal produced from a current sharing bus signal passed through
a weight circuit [10]. The error signals are V;;—Vjn, which operate with V,1-V N and V¢ to produce
feedback signals for the compensators. The compensators output signals to adjust the duty of PWM.
The advantages of this scheme are great modularity, more flexibility for expanding the system,
and better fault tolerance of one fault occurring in a single power supply.

Vin -

power stage — £
Current Programming
: - | Controller
| Power supply 1 (= Wor
(Vi
@/ VsenseN
o (+) Veer
Vin Ion
— power stage = -
t
Compensator System Load
Power supply N (=)Von
) (H)Vin
*) Vref

Figure 3. Outer loop regulation for paralleling power supplies.
2.3. Inner Loop Regulation

Using the same reference voltage, a voltage feedback loop and compensator can be used to parallel
N power supplies. As shown in Figure 4, The PWM generator of each subsystem will be modulated by
compensator signal V. and current programming controller signals (V;; — Vjy) in order to produce
the desired current sharing. The advantages are that signals Vise1 — Viensen do not pass through the
compensator, which gives the method a quick response time and makes it more stable than outer loop
regulation. The disadvantages are a poor tolerance for fault and less flexibility.
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Figure 4. Inner loop regulation for paralleling power supplies.
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3. The Proposed Architecture

3.1. Architecture of Multi-Phase Switching Method

A current sharing approach for an interleaved flyback micro-inverter was presented by
Dong et al. [11]. The multi-phase switching method is another way to use the interleaved method.
It can be shown as in Figure 5, in which two different rated power supplies are isolated from the
system load through the use of a control module. The output voltages of power supplies 1 and 2
are V,1 and V3, and their output currents are I,; and I», respectively. The control module includes
isolated output switches which are controlled through the direct or overlapped switching method in the
micro-programmed controlled unit (MCU). An isolated output switch is composed of two MOSFETs
connected back to back [12]. It is important to connect nodes A and B in the MCU to the ground to
obtain correct driving voltage.

System Load
Output(+) Vou, lox ysiem od
= VoI
P 1770 ) BN e e C R
ower supply Output(-) | e A ey : BT
g G T 1
B e 1
d, T switchl
or
d T Control Module
Output(+) Voz, oz
Powersupply#2 | = | sem——eeee———
PPV oupu) [ ey B e T |
T W
1 | 1
[ MCU
or %
d; T €7

Figure 5. Modularity for paralleling different rated power supplies by using a multi-phase
switching method.

3.2. Direct Switching Method for Multi-Phase Switching

As shown in Figure 6, while switch 1 was turned on, switch 2 was turned off, and vice versa.
The period of switches is denoted by T. The duty (d; and d;) while the switches are turned on can be
decided according to the rated power of the power supply, as shown in Equations (2)—(4). To avoid the
effect of the switching dead time, an output capacitor C, is needed. The equation for calculating C, can
be found in Reference [13].

Volodl = Vollol (2)

Volodz = V02102 (3)

diT+dyT=T )
T

d,T : d,T

t

Figure 6. Signals of switch gate driving and output current of each power supply in different time
slots for the direct switching method. The dashed line represents power supply 1, and the solid line
represents power supply 2. I, denotes the system load.
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In setting the period of switches (T), it should be considered that each switching time slot is longer
than power supply switching period. As shown in Figure 7, the power supply switching period is t;,
T is the period of the switches, and the two power supply ratings are P; and P,. Thus, d; : dp = P; : P.
A simple means of meeting the requirement for setting the multi-phase switching period is setting T

equal to 10 X t;.
Psu
Switching Ereqm
t
65KHz~100KHz

T—>[t1|t1Ht1|t1|‘t1|t1 t1|t1|t1|t1

d,T d,T

Period of switches Time slot of PSU1 Time slot of PSU2
MCU
d,T [
PSU1 switch
Py

d,T —

PSU2 switch —— | System Load ‘

Py
Figure 7. Setting the period of switches.
3.3. Overlapped Switching Method for Multi-Phase Switching

In this method, the first step is to decide the overlapping time, t4. As shown in Figure 8, the period
of switches is denoted by T’, which equals T — 2t4. Except for the overlapping time period, power
supplies individually supply power (V,l,) to the system load in their own time slots. The new
switching duty ratio is calculated as dT —tq : djT - tq. While d{T > 10tq and d;T > 10tg4, the new
switching duty ratio will be approximately djT : d}T. This is equal to the direct method. Instead of
switching dead time, the switches are turned on during overlapping. Therefore, output capacitor C,
can be removed.

IR

o | (%7

Lo —>

—— i -

: t
ta ‘ty

t

Figure 8. Signals of switch gate driving and output current of each power supply in different time slots
for the overlapped switching method. The dashed line represents power supply 1, and the solid line
represents power supply 2. I, denotes the system load.
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3.4. Comparison of Conventional Methods and Multi-Phase Switching Methods

Table 1 provides a comparison of conventional and multi-phase switching methods. The merits
and disadvantages of conventional methods were presented by Luo et al. [10]. The voltage droop
method is easy to implement but provides poor current-sharing. Inner and outer loop regulation
perform better at current sharing but require a current sharing bus and a suitable design for a feedback
circuit. Multi-phase switching methods are realized by an external module that is controlled by an
MCU. In such methods, it is easy to realize parallel power supplies and reduce power dissipation
produced by the ORing diode. The requirements for multi-phase switching methods are a strict
switching sequence and the capability of peak power for a power supply. The peak power rating of
a power supply limits the paralleling power rating. For example, 60 W power supply outputs 150 W
for hundreds of microseconds. This means that 60 and 90 W power supplies can be paralleled together.
If a 60 W power supply can output 300 W for hundreds of microseconds, 60 and 240 W power supplies
can be paralleled together.

Table 1. Comparison of voltage droop method, inner loop regulation, outer loop regulation,
and multi-phase switching method.

Methods Merits disadvantages
1.  Easy to implement Degrading load regulation
Voltage droop 2. Does not need current sharing bus Poor current-sharing due to open
3.  High modularity loop for parallel system
1.  Stable current sharing Degrades the modularity of
Inner IQOP 2 Precise output voltage regulation the system
regulation Poor fault tolerance
Needs current sharing bus
1. Good modularity and Possibly unstable in transient
standardization for manufacturing Needs current sharing bus
Outer loop 2. Flexibility in system
regulation configuration—easy to expand

and maintain the system
3. Excellent fault tolerance against
the failure of any single module

1.  Flexibility in system configuration, 1.
easy to expand 2.
Paralleling possible without
current sharing bus
3. Replaces isolated diode with

isolated MOSFETs to reduce

power dissipation

Requires strict switching sequence
The paralleling power rating is
Multi-phase 2. limited by power supply

switching

3.5. Applications

The proposed methods have modularity and are flexible for paralleling power supplies.
The possible applications are included in wireless sensor networks and the Internet of things. For
example, a wireless sensor network increased by more sensors will need a larger power supply.
One way to solve this problem is to replace the original power supply. Another way is to reuse the
original power supply and parallel another power supply by the methods presented in this paper.
Therefore, the proposed method is more flexible for the reusing of power supplies. The authors
of References [1,14,15] presented the paralleling of power sources of wireless sensor networks.
The proposed method can use a new power source only by adding more isolated MOSFETs and
re-assigning the on-time of each isolated MOSFET. As shown in Reference [16], two kinds of operating
modes—sleep mode and active mode—will save the energy of Internet of Things nodes by changing
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these two states. The proposed method can change the on-time sequence of isolated MOSFETs to
achieve this requirement.

3.6. Simulation Results

The simulations were processed using MATLAB Simulink, in which two rated power supplies
(60 and 45 W) were used. The period (T) was 140 ps, d; = 0.57, and dy = 0.43. The output voltage
was 12 V. As shown in Figure 9, the switch-based signals were turned on in different time slots. Thus,
dead time existed while the states of the switches were changing. To overcome the effect of dead time,
an output capacitor is needed. After paralleling a 47 uF output capacitor, the system voltage and the
system load performed normally.

System Output Voltage
I I I 1

| ] | | | | | | |
0
0.12652 0.12654 0.12656 0.12658 0.1266 0.12662 0.12664 0.12666 0.12668 0.1267

System Qutput Current
1

[(V]= I I I I I I

0 | | | | | I | | |
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15F T T i i i T T

e [ 1T {1
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T T T

| | i - | | 1 |
0
0.12652 0.12654 0.12656 0.12658 0.1266 0.12662 0.12664 0.12666 0.12668 0.1267

Figure 9. Simulation results of the direct switching method for 60 and 45 W power supplies.

As shown in Figure 10, the overlapping time is 10 pus and the new period (T”) is 120 us; the
switching duty ratio is approximately 0.58:0.42. The system voltage and system load also performed
normally without paralleling an output capacitor.

System Output Voltage
I I
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System Output Current
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Figure 10. Simulation results of the overlapping switching method for 60 and 45 W power supplies.
3.7. Experimental Results

Figure 11 shows the use of power supply 1 (60 W) and power supply 2 (45 W). The MCU of the
control module is MSP430G2553, and the MOSFETs are STPS8ONF55. The output switching period (T)
was 140 ps, and the output load was 12 V at 8.75 A. The switching frequency of power supplies was
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approximately 65 KHz. Therefore, the period is about 15.3 us; thus, each output switching time slot
needed to be longer than 15.3 ps. To make sure that each time slot was longer than 15.3 us and that
it was easy to assign the time slots for each power supply, 140 us was set. For the direct switching
method, an output capacitor of 47 puF was used. For the overlapped switching method, however,
the output capacitor of 47 uF was removed, and the overlapping time of the control module was set to
10 ps in order for the switching duty ratio to be similar to that of the direct method.

Control Module

Power Supply 1(60W) &

Power Supply 2
(45W)

Figure 11. Paralleling different rated power supplies by multi-phase switching methods in
a control module.

Figure 12 depicts two power supplies paralleled by the direct switching method. Channels 1
and 2 are gate signals of switches, and channels 3 and 4 are current passed through switches while
switches were turned on. When the channel 1 signal was high, channel 4 represented the current
passed through the switch connected to power supply 1 in series. When channel 2 signal was high,
channel 3 represented the current passed through the switch connected to power supply 2 in series. For
the direct switching method, there is a higher transient peak current that may cause a higher output
ripple. Therefore, more output capacitors are needed.

Tek Prevu | — ]

T T T T AL 800MA
B i : : : : : : : : 7.80 A
140pus
220ps

Ch3 Max
11.8A

Ch3 Min
-1.00 A

Ch4 Max
10.0 A

Ch4 Min
-2.20 A

Chi| 5.00V ®Ch2 5.00V &M 100ps| A Ch1 / 0.00V|
Ch3[ 10.0 AQKEE 10.0 A & 29 Nov 2018

19(10.00 % 08:58:13

Figure 12. The switches’ driving signals and the output current of power supplies by the direct
switching method.

Figure 13a shows the stress on the switch in the steady state. Channel 1 is the switch Vg,
and channel 2 is the current passed through the switch. The maximum V4, is 2.2 V, and the maximum
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current is 12 A. Figure 13b shows the transient state. Channel 1 is the switch V5, and channel 2 is the
current passed through the switch. The maximum Vyq is 2.36 V, and the maximum current is 17.8 A.
The voltage stress on the switch is small. Thus, the current stress on the switch needs to be considered.
According to the specification of MOSFETs, STPSONF55 can support 80 A passed through it, and the
voltage rating is 55 V. Therefore, the results are under the rated stress.

Tek Prevu | O — Tek Stop | —
& - —
N T T T ; T
ch1 Max I Chi1Max
2.20V . o . ; | 2.36V
Ch1 RMS }  Ch1RMS
717mv 1 71amv
. Ch3 Max Ch3 Max
; : 12.0 A 17.8A
(O | | ! ]
| L ( 1
L“_; ‘ - Ch3 RMS { ch3rms
L e . Moo ‘\-nw 5.00 A i § ’ 6.00 A
Chil 2.00V & “M[T00us] A Ch1 J 40.0mv Chil 2.00V & M[200ms| A Ch1 7 40.0mV,
10.0 A Q8 29 Nov 2018 10.0 A Q% 29 Nov 2018
1[10.00 % 09:06:09 09:07:35
(a) (b)

Figure 13. The stress on the switch by the direct switching method: (a) the stress in the steady state
and (b) the stress in the transient state.

Figure 14 depicts two power supplies paralleled by the overlapped switching method. Channels
1 and 2 are gate signals of switches, and channels 3 and 4 are current passed through switches while
switches were turned on. When the channel 1 signal was high, channel 4 represented the current
passed through the switch connected to power supply 1 in series. When channel 2 signal was high,
channel 3 represented the current passed through the switch connected to power supply 2 in series. For
the overlapped switching method, the transient current was smooth. Therefore, the output capacitors
could be removed.

Te

100my
0.00 V
124pus
96.0us

=
40
=
1
s vl o
s £
=

ek 9k

—  . : ] : T : ] : 1 Ch3 Max
\2:. 9.20 A

T I T Tty Ch3 Min
. . . . . & . . . . -1.80 A

Ch4 Max
10.0 A

Ch4 Min
-1.00 A

@Gl 5.00V 8Ch2 5.00v &M| 100ps| A Chi1 S 3.30V

Ch3[ 10.0 AQAiChd[ 10.0 A & 30 Nov 2018
11[50.60 % 08:04:20
Figure 14. The MOSFETs driving signals and the output current of power supplies by the overlapped
switching method.

Figure 15a shows the stress on the switch in the steady state. Channel 1 is the switch Vy,
and channel 2 is the current passed through the switch. The maximum V; is 1.64 V, and the maximum
current is 9.4 A. Figure 15b shows the transient state. Channel 1 is the switch V,, and channel 2 is the
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current passed through the switch. The maximum Vg is 1.92 V, and the maximum current is 17.2 A.
According to the specification of MOSFETs, these results are under the rated stress.

TekPrevu | e s — -t Tek Stop_| e
u
: : : : : 1 chimax 5 : : : : ch1 Max
1.64 V 102V
oty M M " M ch1 RMS "‘—"‘““‘W Ch1 RMS
D - 593mv o i j 496mv
1N N e 1 ch3max Ch3 Max
] / f 9.40 A 1720
f b /
[ ‘ 8 4 ; Ch3 RMS
B Moo ; 3 '- 1 Ch3RmS h3 RM
3 5.54 A
@] 2.00V & M[40.0us A Ch1 s s4omv, Chi[ 2.00v & M200ms| Al Ch1l s 840mv
Ch3[ 5.00 A Q8 30 Nov 2018 SE 10.0A QN 30 Nov 2018
11[50.60 % 08:19:18 08:20:53
(a) (b)

Figure 15. The stress on MOSFETs by the overlapped method: (a) the stress in the steady state and (b)
the stress in the transient state.

For the direct switching method, the input power was 126.8 W, the output voltage was 11.6 V,
and the output current was 8.75 A. Thus, the efficiency was 0.8. For the overlapped switching method,
the input power was 125.3 W, the output voltage was 11.6 V, and the output current was 8.75 A. Thus,
the efficiency was 0.81. Therefore, the efficiency for the direct switching and overlapped switching
method was similar.

4. Conclusions

This paper proposed the modularity for paralleling power supplies with different rated powers
by using multi-phase switching methods. To divide the output switching period into several time slots
conveniently, the output switching period was set to 10 times the power supply switching period.
To neglect the difference of duty between the direct and overlapped switching methods, the overlapping
time was set smaller than the switching frequency of the power supply. As in Reference [1], using
a power ORing will produce more power dissipation. Multi-phase switching methods replace the
power ORing with MOSFETs, which reduce power dissipation and can also be isolating components.
This makes it possible to achieve different rated power supplies in parallel without adding a circuit to
the power supplies.
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