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Abstract – This paper presents a synchronous generator with a distributed system of multiple parallel 
three-phase power cells. This generator can immediately output high DC. Each power cell comprises 
three-phase windings and a three-phase synchronous rectification bridge with a deadbeat control of 
load power feedforward, which can improve the characteristics of dynamic response and reflect the 
load variance in real time. Furthermore, each power cell works well independently and modularly 
using the method of automatic maximum current sharing. The simulation and experimental results for 
the distributed controller of multiple power cells demonstrate that the deadbeat control method can 
respond quickly and optimize the quality of the energy. Meanwhile, automatic maximum current 
sharing can realize the validity of current sharing among power cells. 
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1. Introduction 
 
Many types of DC or pulse power supplies are widely 

used in various electrochemistry fields, including elec-
trolysis, electroplate, metal colouring, and electrophoresis. 
The quality, cost and efficiency of such products are 
directly relevant to the characteristics of the power supplies 
[1-3]. Traditional high power DC power supplies consist of 
multiple parallel DC power modules in order to output high 
current, each sharing a portion of the high power output. 
With the improvement in the production processes and 
efficiency in many companies, the deficiencies of these 
kinds of power supplies have increased. Firstly, these 
power supplies have high energy consumption and low 
efficiency. Second, they have high volume and weight 
because a power frequency transformer is usually used in 
the devices and many power modules are paralleled. Lastly, 
the control apparatus has low precision and high energy 
consumption, as in [4, 5]. Parallel-connected switching 
devices are usually used to expand capacity, however, 
many driver circuits would increase the failure-rate of the 
apparatus and make it difficult to achieve modularity. 

Many scholars decrease the volume and weight of 
power supplies to improve their quality by using the high-
frequency switching power technique. Reference [6] 
optimized a low-voltage and high-current permanent 

magnet generator and fitted a controller in the generator to 
decrease the loss of connecting wires. This assembly is 
complex and cannot improve the DC output. Reference [7, 
8] designed a dual-winding induction generator, consisting 
of a control winding and a power winding. The rectifier is 
connected to the power winding to achieve DC output. The 
excitation capacitor is large when the generator outputs 
high current and it will produce high oscillation to AC 
harmonics. 

This paper proposes a low voltage and high direct 
current power supply based on a mature permanent magnet 
synchronous generator (PMSG). The generator can output 
high DC because 18 three-phase rectification bridges are 
fixed on the edge of the generator. An effective control 
strategy must be considered the high number of control 
objects. We adopt a distributed control system to improve 
the modularity and reliability, since this large capacity 
power apparatus has a clearly distributed circuit, layout and 
control function [9].  

Section 2 presents the structure of the distributed control 
system which includes the power cell. Section 3 presents 
the deadbeat control and simulation models accordingly. 
Section 4 presents the principle of automatic maximum 
current sharing. Section 5 and 6 present the simulation 
results of deadbeat and automatic maximum current sharing 
control. Section 7 presents the experimental results from 
the test platform. 

 
 

2. Structure of Distributed Control System 
 
The multiple parallel-connected power cells in this paper 

based on distributed control system are shown in Fig. 1. A 
DC power supply can provide current to the DC bus after 
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rectification and the number of parallel-connected power 
cells can be varied to meet the power needs of different 
loads. Each power cell has the advantage of high power 
density, efficiency and fast response. The most important 
factor is that each module is completely impendent. 

The three-phase power supply of each power cell is 
comprised of Y-connected three-phase windings of PMSG 
which can generate induction electromotive force through 
cutting magnetic lines as shown in Fig. 2. 

We can remove the neutral wire because the current of 
the three-phase rectification bridge is symmetrical, that is, 
the sum of three-phase current is zero [10]. The use of an 
MOSFET can greatly reduce the power converter’s volume 
and weight as well as increase the quality of the high 
frequency power supply [11]. 

The minimum cell of each power cell is shown in Fig. 3. 
There are 18×3=54 heat sinks which are arranged on the 
end cover of the generator along a circle. Fig. 3(a) 
describes the minimum cell which is composed of each 

winding and the leg of the bridge and Fig. 3(b) describes 
both MOSFETs on each leg which are fixed on the heat 
sink. 

The distributed control system is used to supply the 
three-phase synchronous rectification bridge and can 
achieve automatic current sharing according to the 
maximum current on the bus. This synchronous generator 
can output direct voltage of 5 V, rated power of 10kW and 
its rated revolution per minute is 5,000 RPM. 

 
 
3. Deadbeat Control Strategy of Load Power 

Feedforward for PWM 
 
The deadbeat control method can not only improve the 

performance of dynamic response for the PWM rectifier 
but also reflect the variance of load power in real time 
through a test of the load power and feedforward 
compensation [12, 13]. The fundamental principle of this 
method is to calculate the pulse width of the next switch 
period according to the state equation of the DC system, 
then feedback the output signal and the next referenced 
output [14, 15]. 

The PI control and buffer circuit are used to achieve 
voltage-loop control to maintain the stability of the DC 
output voltage and compensate for the energy loss of the 
MOSFET and post circuit [16]. Meanwhile, it will produce 
a reference current Id once it cooperates with Pout. The 
model which produces regulation current Id is shown in Fig. 
4, where Urout is the referenced output according to the 
feedback of the DC bus and the referenced voltage Uref, 
while kv is the adjusting coefficient of the maximum 
current sharing. Then, one can obtain Iout and Pout, as 
shown in  Fig. 4, as follows. 

 
 ( ) ( )out p rout v dc i rout v dcI K U k U K U k U dt= − + −∫       (1) 

 out dc oP U I= ×  (2) 
 

where Udc and Io are the sample signal of the DC output 
voltage and current, respectively.  

In Fig. 4, Ucsb is the control signal of the current sharing, 
Iout is the output of the PI controller in the outer-loop, while 

Fig. 1. Distributed control system of multiple modules 
 

 
Fig. 2. Power cells of PMSG with rectification bridge 

 
 (a)                (b) 

Fig. 3. Minimum cell of each power cell 
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Kp and Ki are the proportion and integration coefficient, 
respectively. Therefore, the input of the PI controller is 
keUref+kcUcsb-kvUdc. ke, kc and kv are proportion control 
coefficients of current sharing. Pout is feedforward output 
power and it can produce feedforward current signal Is 
through the gain module whose gain is 2/3U [17], U is 
steady DC 5 V output voltage. Iout can compensate energy 
on the DC side and maintain the stability of the DC output. 
Then, referenced current signal Id can be estimated as 
follows. 

 
 d out sI I I= +  (3) 

 
If each leg of the bridge took on the respective switch 

loss, the adjusting voltage signal can be obtained by 
multiplying the synchronous signal of the respective phase 
[18], that is, ida, idb and idc, which are shown in Fig. 5. The 
duty cycle d of the PWM in terms of the KVL of each leg 
of the bridge in one period is as follows [19]. 

 

 
1( ) / ,0 1
2s dc

D

id u L U d
T
Δ= − + < <  (4) 

 
where TD is the switch period, L is the filter inductance and 
us is the input AC voltage.  

Each phase current signal can be substituted into Eq. 
(4) to express the three-phase duty cycle of the PWM 

rectification as Eq. (5) and accordingly, the control model 
is shown in Fig. 5.  
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First, Id combines with the three-phase synchronous 

signal. Second, they compare with each sample phase 
current signal. Lastly, the three-phase control output signal 
can be produced by Eq. (5) of the three-phase duty cycle. 

 
 

4. Automatic Maximum Current Sharing 
 
Averaging the load for every module is known as the 

current sharing method [20, 21]. Automatic current sharing 
is divided into mean current sharing and maximum current 
sharing. Each module connects to the current sharing bus 
through a resistance based on the mean current sharing 
and can obtain better characteristics of current sharing. 
Meanwhile, the general power system cannot work well 
once the average bus is shortened or anyone of power cells 

 
Fig. 4. Output model of referenced current Id 

 

 
Fig. 5. The deadbeat control model of the three-phase PWM rectification 
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could not work [22-24]. However, the method of maximum 
current can solve this shortcoming and improve the current 
sharing. 

The control diagram based on automatic maximum 
current sharing is shown in Fig. 6. This method can 
automatically recognize the power cell which has the 
maximum output current due to the existence of a diode 
and set it as the current basis of the entire power system. 
Next, the other power cells will adjust their output current 
based on this maximum current [25]. A unidirectional 
buffer, shown in Fig. 6, can provide high input impedance 
and separate the post from the prime circuit. If one of the 
power cells malfunctions, the power system can 
redistribute the output current and the other power cells 
would work continually without being influenced by this 
faulty cell. 

Fig. 7 shows the corresponding transfer function diagram 
of Fig. 6, where kv is the voltage feedback coefficient and 
kc and ke are additional coefficients of the current sharing 
control signal and voltage basis, respectively. Rs is the 
sample current coefficient. Rf is the proportional coefficient 
between the output voltage and current. The buffer G1 is 
selective and unidirectional, and its inner structure is 
shown in Fig. 7(b). Rg is the resistance of the current 

sharing bus to the ground. Ubus is the sample voltage of the 
current sharing bus. Gev is the PI regulating function of the 
feedback voltage. Gfv is the comprehensive function of the 
drive signal and power output which is relevant to the 
output voltage, output load and drive circuit of the 
synchronous generator.  

 
 
5. Simulation Verification of Single Power Cell 

based on Deadbeat Control  
 
The simulation model for a power cell is built by 

Saber2012 to verify and test the deadbeat control. The 
parameters of high frequency power for each power cell 
are as follows: the input of rectifier is a three-phase AC 
signal of 4 V, the frequency is 50 Hz, the DC output of the 
power supply is a current of 0.11kA and has a voltage of 5 
V. Full-wave rectification is applied to the high frequency 
power supply and the expected DC voltage and current 
can be obtained through an LC filter. A real resistance, 
whose value is 5 V/110A=45 mΩ, is used to simulate the 
load of each power cell. At first, the time-domain analysis 
is performed for a controllable PWM with deadbeat control 
and contrasts with an uncontrollable rectification bridge. 
Then, frequency-domain analysis is performed to com-
pensate the open-loop system and contrast with the total 
harmonic distortion(THD) with a different rectification 
bridge. 

 
5.1 Time-domain simulation analysis 

 
Fig. 8 shows the simulation results of the three-phase 

output voltage and current before the typically uncon-
trollable three-phase rectifier is realized by diodes. It is 
clear that the waves of the three-phase power supply 
seriously distort and have a high harmonic. Therefore, the 
power supply is critically polluted. 

The deadbeat simulation model of the load power 
feedforward for the three-phase synchronous rectification 
is shown in Fig. 9. 

The sample voltage and current of the three-phase power  

 
Fig. 6. The control diagram based on automatic maximum 

current sharing 

 
(a) Main control diagram 

 
(b) Inner structure of buffer G1 

Fig. 7. Logic control diagram of maximum current mode
Fig. 8. Simulation waves of three-phase output voltage and 

current before rectifier 
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Fig. 10. The inner model of Compare module 

 

 
Fig. 11. Simulation waves of three-phase output voltage 

and current before controllable rectifier 
 

supply are transmitted to the core control module in this 
model, that is without_diff_beat which is built according 
to the deadbeat control of Fig. 5. It produces duty cycle 
control signals for the three half bridges. Then, the 
SPWM module outputs six gate control signals for the 
six MOSFETs of the half bridges. PI_Module, whose inner 
model is shown in Fig. 4, is the regulating module which 
combines the PI control with the load power sample and the  

 
Fig. 12. Simulation waves of DC output voltage and 

current after controllable rectifier 
 

 
Fig. 13. The fluctuation of voltage output with the 

variation of load resistor 
 
trace difference of the voltage sample. It then produces the 
referenced current Id which is used by the without_diff_beat 
module. The Compare module can output current sharing 
control signal Ucsb which is used by the PI_Modulation 
module to compare the output signal of each power cell 
with the signal of the current sharing bus. The switchover 
module is used to provide different control signals to the 
SPWM which can perform frequency-domain analysis, 
which will be explained in part 5.2. 

 
Fig. 9. Simulation model of deadbeat control method 
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The inner model of the Compare module is shown in Fig. 
10 according to the method of maximum current seen in 
Fig. 6. The unidirectional buffer cooperates with the diode 
to achieve automatic current sharing. 

The simulation results of the three-phase output voltage 
and current before the controllable rectifier are shown in 
Fig. 11.  

The voltage distortion of the three-phase power supply 
has disappeared and the output voltage is steady without 
pollution. The current wave has returned to a sinusoidal 
wave. Although there is amplitude distortion within the 
first 100 ms due to the existence of transient vibration on 
the start of the simulation, the three-phase current wave is 
exactly symmetrical afterwards. 

DC output voltage and current after the controllable 
rectifier are shown in Fig. 12. The DC output voltage is a 
steady 5 V after the filter. The DC output current is 110A 
and no current ripple is observed in the meantime. The 
output of the system is perfectly steady. 

To test its anti-disturbance, the load resistor is changed 
from 45 mΩ to 55 mΩ at the time of 20 ms. We can observe 
the voltage output from Fig. 13. The output remains steady 
after the 2 ms fluctuation under the deadbeat control. 

 
5.2 Frequency-domain simulation analysis 

 
Fig. 14 presents the inner simulation model of the 

Switchover module that can switch different control signals 
to the SPWM and conduct frequency-domain analysis. The 
switch_vin model of Saber can switch one of three inputs 
during the process of simulation. The first input port(in1) is 
the v_pwl model of Saber which will provide a constant 
open-loop control voltage to SPWM model. The second 
input port(in2) is the v_sin model which is used to perform 
small-signal frequency analysis. The third input port(in3) is 
the closed-loop control voltage provided by the deadbeat 
control method which is combined with PI control. 

At first, we can alter the input of switch_vin to in1 and 
perform transient (TR) analysis to get the end-point-file, 
then alter to in2 and perform small-signal frequency 
analysis whose initial-point-file is the end-point-file of the 
TR analysis. We then obtain the frequency-domain analysis 

result of the open-loop, which is shown in Fig. 15. It is 
clear that the open-loop system is not stable because the 
slope is -40 dB/dec at the cutoff frequency, and thus the PI 
compensation network, which is equivalent to a type п 
compensation network when C2 in type п is 0, must be 
applied as it can provide a zero and a pole to adjust the 
frequency-domain characteristics. 

Because the switch frequency of the MOSFET is 200 
kHz, the cutoff frequency fc can be 200 kHz/5=40 kHz in 
order to satisfy the convergence condition of the open-loop 
gain. According to Fig. 15, |G(ωc )|=-29.12 dB and φ(ωc)= 
-91.3°. Therefore, PI must provide a 29.12 dB gain, then 
20 lgKp=29.12 dB, i.e., Kp=28. Suppose the phase margin 
is 45°, the allowable coefficient K for fc/fz is four on the 
basis of φ(ωc )[26]. Therefore, a zero is ωz=2πfz=2π×fc/4= 
62.8×103rad/s, and the integration time constant Ti is 0.7μs 
according to Ki /Kp =1/(Ti Kp ) =ωz. When Kp and Ti are 
applied in the PI module of Fig. 4, we alter the input of 
switch_vin to in3 and perform transient (TR) analysis to 

 
Fig. 14. Inner model of switchover module 

Fig. 15. Frequency-domain analysis of open-loop 
 

Fig. 16. Frequency-domain analysis of closed-loop 
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obtain the end-point-file, then alter to in2 and perform 
small-signal frequency analysis whose initial-point-file is 
the end-point-file of the TR analysis. Thus, we obtain the 
frequency-domain analysis result of the closed-loop, which 
is shown in Fig. 16. 

We can find a waveform with the slope of -20 dB/dec that 
cuts across 0 dB line at the point of the cutoff frequency, 
which is approximately 40 kHz. We also see that the phase 
margin is sufficient. Therefore, the PI compensation network 
has achieved zero-pole compensation for the open-loop 
system. 

Because of the existence of nonlinear components such 
as an inductor, capacitor and switch in the system, high-
order harmonics will mix with fundamental waves to affect 
both input and output. Therefore, the THD should be 
analysed. Saber simulation provides the function of the 
THD test for the signal after the Fourier transform. Although 
the test result is decibel value for the real THD of the 
signal, the variation tendency of the THD is still clear.  

Fig. 17 is the Fourier transform results of the input phase 
current and output current from 0 Hz to 1 kHz for the 
uncontrollable rectifier bridge. The measurement tool of 
Saber can obtain the THD, which is shown in Fig. 17 
with the signal noise ratio (SNR) and signal to noise and 

distortion ratio (SINAD).  
In Fig.17, the magnitude of harmonics for the input 

phase current is very high from 0 Hz to 350 kHz. The 
highest magnitude has reached over 1e+21. Thus, the 
THD of the input phase current and output current are both 
higher. 

Fig. 18 is the Fourier transform results of the input 
phase current and the output current for the open-loop 
controllable rectifier bridge. The magnitude of harmonics 
for the input phase current has slumped from 0 Hz to 1 kHz. 
The THD of the input phase current and output current 
both are much lower than the uncontrollable rectifier. 

Fig. 19 shows the Fourier transform results of the input 
phase current and output current from 0 Hz to 1 kHz for 
the closed-loop controllable rectifier bridge with deadbeat 
control. The THD of the input phase current and output 
current both reach a lower level than the aforementioned 
circumstances. The final THD of the input phase current 
for the entire closed-loop system with deadbeat control is 
log-1(-32.382/20)=0.024. 

 
 

6. Simulation Verification of Multiple Power  
Cells Based on Automatic Maximum Current 

Sharing 
 
Fig. 20 shows the simulation model of multiple modules 

with power cells which is used to realize current sharing of 
maximum current.  

For convenience, Fig. 20 only shows 3 modules, while 
there are 18 modules in the process of the real simulation. 
The sample current of each module will compare with 
the current on the current sharing bus. The difference is 
amplified to produce Ucsb. This current sharing control 
signal can adjust the value of the voltage loop and then the 
output voltage of each module would vary accordingly. 
Therefore, automatic maximum current sharing is achieved. 
In the process of the simulation, the output of one module  

Fig. 17. Fourier transform of input phase current and 
output current for uncontrollable rectifier bridge 

 

 
Fig. 18. Fourier transform of input phase current and output

current for open-loop controllable rectifier bridge

 
Fig. 19. Fourier transform of input phase current and 

output current for closed-loop controllable rectifier 
bridge 
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Fig. 21. The simulation waves of transient analysis when 

kv=0.4 kc=0.22 ke=0.02 
 

 
Fig. 22. The simulation waves of transient analysis when 

kv=0.42 kc=0.63 ke=0.04 
 
connects to a reverse voltage source which simulates the 
breakdown by increasing the voltage slowly. Then, other 
modules, whether maintaining current sharing or not, can 
be tested through this model. 

kv, kc and ke are three key parameters of the transfer 
function diagram of Fig. 7. To analyse the parametric 
variance, the parameters can be assumed from 0.01 to 1 by 
the step of 0.01 in Saber. Fig. 21 shows the output waves 
when kv=0.4 kc=0.22 ke=0.0,2 which are the worst. With the 

connection of the reverse voltage source, it is obvious that 
the DC output voltage Vout and the current sharing bus 
voltage Vbus decrease dramatically, and thus the system 
cannot achieve current sharing. 

Fig. 22 presents the simulation waves when kv=0.42 
kc=0.63 ke=0.04, which are improved. Under the influence 
of the reverse voltage source, Vbus still increases to a steady 
value and Vout can maintain 5 V. 

Fig. 23 presents the simulation waves when kv=0.48 

 
Fig. 20. Simulation model with maximum current sharing 

 
Fig. 23. The simulation waves of transient analysis when 

kv=0.48 kc=0.86 ke=0.06 
 

 
Fig. 24. The simulation waves based on mean current 

sharing 
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kc=0.86 ke=0.06, which are optimum. Vbus and Vout are not 
influenced by the reverse voltage source. Both can output 
stably and achieve optimum current sharing. 

The simulation results with mean current sharing are 
shown in Fig. 24.  

With the connection of a reverse voltage source, it is 
obvious that output of the system shows a disturbance at 
the beginning. Furthermore, Vout and Vbus are lower than the 
output maximum current sharing when they reach stability. 
Hence, the mean current sharing cannot be achieved once 
any one of the modules malfunctions. 

 
 

7. Experimental Results 
 
To verify the correction of simulation, we designed a suit 

of Electronic Control Unit (ECU) which is shown in Fig. 
25(a). DSP28335 is used to produce the control signal and 

collect the voltage and current signal. The MOSFET driver 
is the N-channel TPS51601A which is capable of driving 
high-side and low-side with the highest speed and lowest 
switching loss. Fig. 25(b) is a synchronous generator which 
is fitted on the side of the engine. 

ECU and PMSG can be developed simultaneously with 
the help of hardware in the loop (HIL). Hence, we use HIL 
to simulate a control object, that is, PMSG. It can connect 
with ECU through IO ports and finish comprehensive and 
scientific testing for the ECU. Because HIL permits fault 
insertion in the process of simulation, we set the reverse 
voltage source as interference and observe the wave 
variance before and after rectification. 

One can see that the interference would impact the 
power supply from Fig. 26 (a). Although the current wave 
shows a small increase, it can maintain stabilization after 
400 ms and the voltage wave remains unchanged. Fig. 26 
(b) shows the variance of the two-phase current which still 
remains symmetrical. Thus, the deadbeat control strategy 
of the load power feedforward can stabilize the power 
supply. 

Fig. 27 shows the dynamic response comparison of the 
PI controller and PI with the deadbeat control, respectively, 
when the load resistor is increased from 50 mΩ to 45 mΩ. 
From the experimental results, compared to only a PI 
controller, the PI controller with deadbeat control can 
improve the peak of oscillation and considerably reduce 
the time of oscillation.  

We adjust the parameters of maximum current control 

 
(a) ECU 

 
(b) Power system 

Fig. 25. Hardware test platform 
 

Fig. 26. The waveform of line voltage and phase current 
wave before rectification 

 

     (a) PI controller       (b) Deadbeat controller
Fig. 27. Dynamic response comparison with different 

control methods 
 

t(50ms/div)

       (a)            (b)             (c) 
Fig. 28. The experiment waves of DC output under 

different parameters 
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algorithm by DSP28335 and observe the DC output. Fig. 
28(a) shows the output waves of Vout and Vbus when kv=0.4, 
kc=0.22, and ke=0.02. They all drop swiftly and current 
sharing is not achieved. Fig. 28(b) presents the output 
waves of Vout and Vbus when kv=0.42, kc=0.63, and ke=0.04. 
The output voltage is maintained at 5 V and the voltage 
Vbus of the current sharing bus increases to a steady value. 
Fig. 28(c) presents the output waves of Vout and Vbus when 
kv=0.48, kc=0.86, and ke=0.06. Both can output stably and 
then achieve optimum current sharing. 

Therefore, the maximum current method can achieve 
automatic current sharing and one can obtain optimum 
current sharing results by adjusting the parameters of the 
control algorithm. 

 
 

8. Conclusions 
 
The distributed control system with 18 power cells in the 

permanent magnet synchronous generator was introduced 
in this paper. To optimize the output performance of each 
power cell, the PWM deadbeat control strategy of the load 
power feedforward is used to stabilize the output of each 
power cell. These power cells cannot be parallel-connected 
directly because they have different properties. Therefore, 
the method of maximum current is adopted and optimum 
current sharing is realized by optimizing the parameters of 
the control structure.  

Simulation and experiment have verified the validity of 
the control method and current sharing method. However, 
we should conduct repeatable experiments to explore 
how to smoothly control partial power cells to switch and 
maintain output DC stabilization. The synchronous 
generator with low voltage and high current output under 
the deadbeat control method will become a novel and 
efficient generator. 
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