
Chapter 3
Design of a New Multi-output Constant
Current Source Based on Power
Allocation Control Strategy

Hongli Cheng and Lei Wang

Abstract In order to reduce the cross-regulation rate ofmulti-output constant current
source and further improve the stability and accuracy of output current, a new design
method based on power distribution control strategy is proposed. The system adopts
theflyback converter as themain topologyof themulti-output constant current source.
The ARM system samples the real-time load value of the multi-output and combines
the target current to determine the total power of the multi-output at this time. The
total output power is the total input power. Ideally, combining the energy transfer of
each output switch state of the multi-output flyback converter, the conduction time
of the main switch transistor and the secondary side switch transistor of the flyback
converter can be calculated, so as to distribute the power rationally on the trans-
former, thereby achieving reduced cross-regulation and improved current accuracy
and stability. The experimental results show that a newmulti-output constant current
source system based on power distribution control has lower cross-regulation rate
and the output current accuracy is within ±2% mA, which improves the accuracy
and stability of the output current.

3.1 Introduction

At present, how to reduce the cross-regulation rate of multi-output constant current
sources and improve the stability and accuracy of multi-output currents is becoming
hot topic. In this regard, a lot of research and experiments have been carried out.
The main reason that affects the stability and accuracy of multi-output constant
current source is the existence of cross-regulation rate. The multi-output flyback
converter will only use feedback regulation for the main output, while the auxil-
iary output will use open-loop non-feedback [1]. The reason for the deterioration of
the cross-regulation rate is the non-ideality of the transformer (leakage inductance
and diode drop) [2]. The literature [3] proposes a new TDK-Lambda solution to
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improve the multi-output cross-regulation rate. The literature [4–8] proposes the use
of weighted voltage feedback control method, passive lossless box circuit and opti-
mized transformer, magnetic amplification, etc. These methods are used to improve
the cross-regulation rate of the converter. Although these methods reduce the cross-
regulation rate, they do not reduce the total amount of error, and the algorithm and
circuit are complicated. In [9], a design method based on power distribution control
strategy is proposed. This method fundamentally solves the problem of multi-output
cross-regulation rate caused by the existence of leakage inductance and improves
the accuracy and stability of the output voltage. However, this design method is
not suitable for high-precision multi-channel constant current sources. On the one
hand, the previous control strategy is multi-channel constant voltage output instead
of multi-channel constant current output. On the other hand, two methods are used in
the literature to prove that the multi-channel design method lacks generality, and the
accuracy of multi-channel output is low. The main reason for low accuracy is that the
on-time calculation of the main switch and the output switch is too simplified in the
power distribution control strategy firstly. Secondly, the mutual inductance between
the primary and secondary inductors of the flyback converter after the main switch
transistor is turned off is not considered, so it is difficult to achieve the accuracy
required by the design.

Based on the original power allocation control strategy, this paper proposes a
new power distribution control-based flyback converter secondary side switch tran-
sistor on-time calculation method to reduce cross-adjustment rate for multi-channel
constant current source. The control strategy further improves the current accuracy
and the stability of the multi-output constant current source.

3.2 System Composition and Control Strategy

3.2.1 System Composition

The main structure of the circuit of the multi-output constant current source is
shown in Fig. 3.1. If the output voltage and output current value of each channel
are measured, the real-time load value of each channel and the rated output total
power required for each channel can be determined. The total rated output power is
equal to the input power, and the input end of the transformer determines the input
power by controlling the conduction time of the primary synchronous rectifier. And
the power on the transformer is distributed by controlling the conduction time of
the secondary switch transistor. The system adopts multi-output flyback converter as
the main topology. The primary side of the flyback converter includes the input DC
power supply U I (t) and the synchronous rectifier S that controls the power level.
The secondary side of the flyback converter includes three outputs corresponding
synchronous rectifiers S1, S2, and S3, filter capacitors C1, C2, and C3, three output
loads RL1, RL2, and RL3. The main control part of the system uses ARM as the control
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Fig. 3.1 Main circuit structure diagram of the system

core to process the collected data. The signal output by the ARM is controlled by
the driving circuit to control the on and off states of several synchronous rectifiers.

ARM samples the input voltage U I (t), the output voltages Uo1 (t), Uo2 (t), and
Uo3 (t), and the load currents Io1 (t), Io2 (t), and Io3 (t) in real time to obtain the
real-time loads RL1, RL2, and RL3. ARM calculates the rated power of each output
combined with the rated current and derives the on-time of each switch according to
the new design method based on the power distribution control strategy. The ratio of
the on-time to the period is four PWM waves. The requirements of the three outputs
for the rated power can be satisfied by controlling the duty cycle of the four PWM
waves.

3.2.2 System Control Strategy

Equation (3.1) is the real-time load value expression sampled by the ARM system.
In the formula, RLi is the ith real-time load value of the flyback converter output, V oi

is the ith output voltage value of the flyback converter, and Ioi is the real-time current
value of the ith of the flyback converter. The three-way output real-time loads RL1,
RL2, and RL3 can be calculated using Eq. (3.1).

RLi = voi

ioi
(3.1)
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Equation (3.2) is the output rated power expression of each load of the flyback
converter. In Formula (3.2), Poi is the rated output power of the ith path of the flyback
converter, and IEi is the target current of the ith path of the flyback converter. The
real-time load obtained by Formula (3.1) can obtain the rated output power of the
ith channel, and the three-way rated output power Po1, Po2, Po3 can be calculated by
Formula (3.2). At this time, the total output rated power of the flyback converter is
the sum of the rated output power of each output.

POi (t) = I 2Ei RLi (3.2)

Ideally, the total output rated power of the flyback converter is the total rated power
of the input. However, the primary and secondary energy of the flyback converter
cannot be completely transferred due to the leakage inductance and mutual induc-
tance. Assume that the conversion efficiency of the high-frequency transformer, the
rectifier switch, and the snubber circuit is η, and the real-time input power of the
transformer is Eq. (3.3).

pI(t) = ηPO(t) (3.3)

The flyback converter designed by this systemworks in discontinuous conduction
mode (DCM) [10]. According to the working principle of DCM, the input power
obtained by the flyback converter is calculated as Eq. (3.4) in one switching cycle.

pI(t) = U 2
I (t)t2

2LT
(3.4)

In Eq. (3.4), L is the primary inductance value of the flyback converter, U I (t) is
the input real-time voltage, T is the main switching period, and t is the conduction
time of the main switch transistor in one switching period. According to Eqs. (3.3)
and (3.4), the on-time t of the main switch S in one switching period can be obtained
as Eq. (3.5).

t =
√

PO(t) · 2LT
ηU 2

I (t)
(3.5)

Let n1 = N1/N, n2 = N2/N, n3 = N3/N, VE1 = IE1RL1, VE2 = IE2RL2, VE3 = IE3
RL3, N, N1, N2, N3 are the primary turns and secondary of the flyback converter,
respectively. The number of turns n1, n2, and n3 is the primary and secondary ratios of
the flyback converter, respectively. I INMAX is the peak value of the primary inductor
current. I1MAX, I2MAX, and I3MAX are the inductor current peaks of the first-stage
secondary side, respectively. According to the above andmulti-output output flyback
converter ampere-conservation principle, Formulas (3.6), (3.7), and (3.8) can be
obtained early.
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IINMAX = n1 · I1MAX + n2 · I2MAX + n3 · I3MAX (3.6)

I1MAX • IE1 • RL2

I2MAX • IE2 • RL2
= N1

N2
= n1

n2
(3.7)

I1MAX • IE1 • RL2

I3MAX • IE3 • RL3
= N1

N3
= n1

n3
(3.8)

The three peak currents of the secondary side inductance of the flyback converter
obtained by Eqs. (3.6), (3.7), and (3.8) are expressed by Eqs. (3.9), (3.10), and (3.11).

I1MAX = n1 • VE2 • VE3 • II NMAX

n21VE2VE3 + n22VE1VE3 + n23VE1VE2
(3.9)

I2MAX = n2 • VE1 • VE3 • II NMAX

n21VE2VE3 + n22VE1VE3 + n23VE1VE2
(3.10)

I3MAX = n3 • VE1 • VE2 • II NMAX

n21VE2VE3 + n22VE1VE2 + n23VE1VE2
(3.11)

After the main switch transistor is turned off, the secondary side three channels
simultaneously release current. When the system is operating in the first stage, the
inductor current on the three secondary windings is shown in Fig. 3.2.

Assume that the three inductor currents reach their respective rated output current
requirements after the times ts1, ts2, and ts3, respectively, and the times at ts1, ts2,
and ts3 can be found. According to the inductor current waveform in the first stage
of Fig. 3.2. The corresponding inductor current values I1′, I2′, and I3′ are shown in
Eq. (3.12).

⎧⎪⎨
⎪⎩

I ′
1 = I1MAX − VE1

L1
ts1

I ′
2 = I2MAX − VE2

L2
ts2

I ′
3 = I3MAX − VE3

L3
ts3

(3.12)
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Fig. 3.2 Second-stage secondary inductance current diagram of the system
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At this time, the average output current of the three channels is the rated current.
The output rated current can be expressed as Eq. (3.13).

IE1 = 1

2T
(I1MAX + I ′

1) · ts1 (3.13)

IE2 = 1

2T
(I2MAX + I ′

2) · ts2 (3.14)

IE3 = 1

2T
(I3MAX + I ′

3) · ts3 (3.15)

Bringing Formula (3.12) into Eqs. (3.13), (3.14), and (3.15) can solve Eqs. (3.16),
(3.17), and (3.18) when the respective outputs reach the respective rated current
requirements in the first stage.

ts1 =
2I1MAX · L1 ±

√
4I 21MAXL

2
1 − 8L1 IE1VE1T

2VE1
(3.16)

ts2 =
2I2MAX · L2 ±

√
4I 22MAXL

2
1 − 8L2 IE2VE2T

2VE2
(3.17)

ts3 =
2I3MAX · L3 ±

√
4I 23MAXL

2
3 − 8L3 IE3VE3T

2VE3
(3.18)

Equations (3.16), (3.17), and (3.18) are the timeswhen the outputs of the respective
circuits reach their respective rated currents, and the on-times ts1, ts2, and ts3 of the
first-stage switches are solved, and three times and minimum values are compared.
It is the first turn-on time of the switch, and the remaining values are discarded.
It is assumed that the on-time of the switch S1 is the shortest at this time, and the
minimum time t= ts1 is the on-time of the corresponding switch S1, thereby obtaining
the on-time of the switch S1.

The second stage is the switch with the shortest turn-off, and the other switches
continue to conduct their rated current requirements. After the switch S1 is turned
off, the switches S2 and S3 are continuously turned on, and the other two inductor
currents jump when the switch S1 is turned off. Figure 3.3 shows the change in
secondary inductor current in the second stage.

According to the change of the second stage inductor current in Fig. 3.3, the
peak values of the inductor currents of the remaining paths of the first switch can be
obtained as shown in Eqs. (3.19), (3.20), and (3.21).

I ′
1 = I1MAX − VE1

L 1

· ts1 (3.19)
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Fig. 3.3 System second-stage secondary inductor current diagram

I ′
2 = I2MAX − VE2

L2
· ts1 (3.20)

I ′
3 = I3MAX − VE3

L3
· ts1 (3.21)

I ′
2MAX = I2MAX − VE2

L2
· ts1 + �I ′

2
(3.22)

I ′
3MAX = I3MAX − VE3

L3
· ts1 + �I ′

3
(3.23)

In Eqs. (3.22) and (3.23), �I2′ and �I3′ are transitions of the residual energy of
the inductor on the inductors L2 and L3.

Let n21 = N2/N1, n31 = N3/N1, and refer to Formula (3.6) to obtain:

I ′
1 = n21 · �I ′

2 + n31 · �I ′
3 (3.24)

�I ′
2 · VE2

�I ′
3 · VE3

= n21
n31

(3.25)

According to Eqs. (3.24) and (3.25), the jump values of the remaining two inductor
currents are obtained as Eqs. (3.26) and (3.27).

�I ′
2 = n21 · VE3

n221VE3 + n231VE2
· I ′

1 (3.26)

�I ′
3 = n31 · VE2

n221VE3 + n231VE2
· I ′

1 (3.27)

Assume that the other two outputs reach their rated current values after the ts2′,
ts3′ time, and the expressions of the remaining two output rated currents according
to Fig. 3.2 are (3.28) and (3.29).
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IE2 = S2 + [1/2(I ′
2MAX + I ′

2MAX − VE2/L2 · (t ′s2 − t1)) · (t ′s2 − t1)]
T

(3.28)

IE3 = S3 + [1/2(I ′
3MAX + I ′

3MAX − VE3/L3 · (t ′s3 − t1)) · (t ′s3 − t1)]
T

(3.29)

According to Eqs. (3.28) and (3.29), the on-time of the switch when the remaining
twopaths of the second stage reach the output rated current requirement canbe solved,
and S2 and S3 are the total output current of the two channels when the first stage.
Suppose t2 = min{ts2′, ts3′} is the on-time of switch S2, and find the value of the
inductor current of the remaining two channels at time t2 and the total output current
of the second stage as Eqs. (3.30), (3.31), (3.32).

I ′′
2 = I ′

2MAX − VE2

L2
(t ′s2 − t1) (3.30)

I ′′
3 = I ′

3MAX − VE3

L3
(t ′s2 − t1) (3.31)

S′
3 = 1

2
(I ′

3MAX + I ′′
3 ) · (t ′s2 − t1) (3.32)

The remaining inductor current jumps, and the system enters the third stage when
the switch S2 is turned off.

�I ′
3 = N2

N3
· I ′′

2 (3.33)

I ′′
3MAX = I ′′

3 + �I ′
3 (3.34)

S′′
3 = 1

2
· I ′

3MAX · (t ′s3 − t2) (3.35)

IE3 = S3 + S′
3 + S′′

3

T
(3.36)

Equation (3.33) is the jump value of the inductor current at this time. Equa-
tion (3.34) is the peak value of the inductor current at time t2, and Eq. (3.35) is the
total output current of the switch S3. The conduction time t3′ of the third switch can
be obtained in Eq. (3.37) by Eqs. (3.33), (3.34), (3.35), and (3.36) when the switch
S2 is turned off.

t ′3 = 2 · (IE3 · T − S3 − S′
3)

I ′′
3MAX

(3.37)

At this time, t3 is the on-time of the switch S3. At this time, if t3 > toff, toff is the
main switch off time, the switch S3 is turned on until the next cycle comes that means
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the third time is as shown in Eq. (3.38).

t3 = T − t (3.38)

So far, a new three-way switch on-time of themulti-output constant current source
system based on the power distribution control strategy design method is derived.
The design method is based on the power allocation control strategy, and the way of
calculation is accurate on the original basis. This method avoided the error caused
by the inaccurate on-time of the switch conduction time.

3.3 System Programming

The ARMCortex-M3 processor-based STM32 microcontroller is widely used for its
high performance, high compatibility, easy development, and low power consump-
tion. This design selects STM32F103RCT6 as the main control chip. It integrates a
wealth of peripheral functions such as ADC, DMA, TIM, and GPIO. After frequency
doubling, the system clock is 72MHz, and two 12-bit ADC analog-to-digital conver-
sion modules are integrated internally, which have up to 16 external signal sampling
channels and can realize multi-channel data sampling. The input voltage is sampled
in real time by ADC, the duty cycle of driving waveform is calculated by outputting
three voltage and current values, and the timer compares and outputs four PWM
signals. STM32F103RCT6 is a commonly used microcontroller of ST Company,
which is suitable for: power electronic control, PWM motor drive, industrial appli-
cation control, medical system, handheld equipment, PC game peripherals, GPS
platform, PLC, frequency converter control, scanner, printer, alarm system, video
intercom, air-conditioning heating system, and so on. This topic belongs to the appli-
cation of power electronic control system, and the processing speed and function are
much faster than the 51 and AVR used before. Figure 3.4 is the block diagram of the
system. Firstly, the system configures the system clock and initializes each periph-
eral, and then the ARM samples and calculates the real-time load value after the
program is initialized. Using the above derivation, the real-time output power and
the on-time of each output switch transistor are calculated. The ratio of the on-time of
the switch transistor to the period T is the duty ratio of each channel, and four PWM
waves are output. Because the actual circuit parameters are not ideal, the primary and
secondary leakage inductances of the transformer exist. The calculated secondary
control PWM wave duty cycle needs to be adjusted by the program to stabilize the
three output currents. The det in the flowchart is 0.01. When the flyback converter is
operating, the duty cycle of the main switch is less than 0.5. Duty cycle is taken less
than 0.45 to ensure that the flyback converter operates in DCM in this design.
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Fig. 3.4 System program flowchart

3.4 System Simulation Results Analysis

Saber simulation software is an EDA software from Synopsys of the USA. It can be
used in hybrid system simulation of different types of systems such as electronics,
power electronics, mechatronics, mechanical, optoelectronics, optics, and control.
It provides complex mixed-signal design and verification. A powerful mixed-signal
simulator is compatible with analog, digital, and control-mode hybrid simulations
to solve a range of problems from system development to detailed design verifica-
tion. Its main applications are power converter design, servo system design, circuit
simulation, power supply and distribution design, bus simulation, and many other
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fields. It has powerful and obvious advantages. The simulation of this system mainly
adopts Saber.

A three-output flyback converter is designed according to the above derivation
ideas and simulated by Saber.

(1) Simulation requirements
Input voltage: U I(t) = 60 V
Output power: Pomax = 48 W
Output rated current: IE1 = 0.35A; IE2 = 0.7A; IE3 = 1.05A
Switching frequency: f = 20 kHz
Maximum duty cycle: Dmax = 0.45

(2) Parameter calculation
The simulation test input DC voltage U I(t) = 60 V and the period is 50 µs. The
calculated primary inductance value of the flyback converter is Lp = 250 µH,
the secondary inductance valuesL1 = 85µH,L2 = 72µH, andL3 = 50µH from
the literature [11–13]. The value of the output current is measured according to
the load parameters listed in Table 3.1. The experimental test results are shown
in Table 3.1.

Figure 3.5 is a waveform diagram of the three-way inductor current of the trans-
former secondary side obtained by saber simulation in the whole cycle, and Fig. 3.6
is a simulation output three-way current diagram. It can be seen that the output three-
way inductor current is simultaneously released when the main switch transistor is
turned off, and the other two inductor currents jump when the first switch is turned
off, and the third inductor current jumps when the second switch transistor is turned
off, which is consistent with the theoretical derivation. The slope of the second and
third inductor currents that jump after the transition is ideally the same as the slope
of the previous stage.

The Saber software is used to simulate the control method of the system. The
duty cycle of the four-way PWM is calculated according to the design goal, and then
the measured output current is shown in Table 3.1. According to the table calcula-
tion, when the load changes in any way, the other road loads are unchanged. The
load adjustment rate of each channel does not exceed 2%, and the cross-regulation
rate does not exceed 2%, which improves the cross-regulation rate. According to
Table 3.1, it can be seen that when the three rated currents are 0.35, 0.7, and 1.05 A,

Table 3.1 Simulation measured database on modified power distribution control

UI RL1 RL2 RL3 T (us) t1/T (%) t2/T (%) t3/T (%) IO1 (A) IO2 (A) IO3 (A)

60 44 34 22 21.13 9.8 44 57.7 0.349 0.701 1.046

60 35 34 22 21.24 10.6 42.5 57.5 0.352 0.703 1.05

60 44 30 22 20.68 10.6 38.6 61 0.346 0.699 1.052

60 44 20 22 20.45 11.1 35.7 64.3 0.348 0.701 1.051

60 38 34 21 20.7 9.1 44.2 56.8 0.349 0.698 1.048

60 38 34 15 20.45 9.4 41.8 58.2 0.351 0.702 1.045
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Fig. 3.5 Secondary side three-way inductor current waveform

Fig. 3.6 Output current waveform measured by simulation

and the measured final output current accuracy is within±2%mA, which effectively
improves the accuracy of the output current. The experimental results showed that
the improved method also improves the stability of multiple outputs.
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3.5 Conclusion

In this paper, a newmulti-output constant current source based on power distribution
control strategy is designed. The system starts from the perspective of power distribu-
tion control and proposes a newmethod to solve the problem of cross-adjustment rate
fundamentally. The design structure is simple and easy, high reliability, especially in
low-power applications and low-cost multi-output power supply applications. It can
meet the requirements of general multi-output power supply cross-adjustment rate.
It also improved the accuracy and stability of multi-output constant current source at
the same time. The overall power control is actually digital, giving the appropriate
input power according to the rated power on the load and giving the appropriate
power distribution according to each desired current. This paper makes the output
current more accurate on the original basis by rigorous theoretical derivation. At
the end of the paper, the performance parameters of the power supply are simu-
lated and verified. The simulation results showed that the new power-based control
strategy based on the secondary side conduction time is more reliable and reduced
the cross-regulation rate of multiple outputs that improved the stability and accuracy
of multiple output currents.
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