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Abstract: To solve the problem of severe DC bus voltage fluctuations caused by frequent changes
in the distributed electric propulsion aircraft load, and to further optimize the size and life of the
hybrid energy storage system (HESS), this paper proposes a method based on three-step power
distribution (TSPD). This strategy realizes the reasonable distribution of battery and supercapacitor
power by using a low pass filter. Through the introduction of a supercapacitor state-of-charge (SOC)
automatic recovery control and maximum power value dynamic limit strategy, the size of the HESS
is optimized, and the service life of the energy storage device is extended. Finally, simulation and
experiment platform are built to prove the effectiveness of the proposed strategy.

Keywords: distributed electric propulsion aircraft; hybrid energy storage; DC-DC; three-step power
distribution; low pass filter

1. Introduction

Distributed electric propulsion aircraft (DEPA) is a new type of aircraft, whose multi-
ple propellers or fans distributed on the wings or fuselage that provide the aircraft with the
main thrust are driven by motors. It is expected to further improve the energy conversion
efficiency of the aircraft power system and reduce fuel consumption [1,2]. The electrical
system of the aircraft includes a propulsion system and an aircraft power supply (APS)
system. The load is supplied by the generator, to achieve the purpose of a comprehensive
utilization of energy and unified management. However, due to the large increase in elec-
trical equipment and the continuous improvement of the power level of the power supply
system, the generator capacity must meet the power demand of the load, which brings
new challenges to the design of aero engines. In addition, due to the increasingly complex
operating conditions during aircraft operations, high-power loads represented by electric
motors will cause severe transient power shocks to the APS at the moments of starting,
sudden loading, and sudden unloading. It will cause severe fluctuations in the bus voltage
and make the generator set deviate from its optimal working condition, which affects the
stability of the system [3,4].

For above problems, the most effective method is to match the load power fluctuations
through the charging and discharging characteristics of the HESS. Among many energy
storage devices (ESD), batteries have the characteristics of high-energy density and low
self-discharge rate. Supercapacitors have the advantages of a long-life cycle and high-
power-density, which can provide greater power quickly and provide buffering for others.
The advantages of the two complement each other, which can provide high-power and
high-energy-density electric energy safely, compactly, and lightly. It plays an important role
in responding to changes in the load power to maintain bus voltage stability and reduce
generator capacity requirements [5,6].
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Therefore, an energy management strategy (EMS) for HESS becomes particularly
important, which mainly focuses on power distribution to improve the bus voltage stability
and optimize the size and life of HESS. At present, the control strategy to suppress the
fluctuation of the load power is generally based on the filtering algorithm. Compared
with dynamic programming, model predictive control, and fuzzy logic, it is simple and
easy to implement and has better real-time performance, making it more popular [7].
Previous literature [8] has designed a command-filtered back-stepping controller to achieve
the stability of the DC bus voltage under any load and the active power output by each
power unit. Extant literature [9] has also proposed a V-I droop control and high/low pass
filters, which are used inside the primary controller top roper power sharing in different
time scales. These strategies reduce the capacity of DG units. However, the impact of ESD
SOC on power levelling has not been considered. Other literature [10] has proposed a two-
stage low pass filter control strategy with variable filter time constant, using the improved
particle swarm optimisation with the compensating coefficient of inertia weight factor to
solve the optimal output power and avoid the over limit phenomenon of the battery state
of charge. However, it does not consider the power limit of the ESD. The above-mentioned
LPF-based EMS are not comprehensive, and further optimization is still needed to adapt to
the limited space and high reliability of aircraft electrical systems.

This paper takes the HESS of DEPA as its research object. To solve the problem of
severe DC bus voltage fluctuations caused by frequent load changes and to further optimize
the size and life of the HESS, this paper proposes an EMS which combines the three-step
power distribution (TSPD) with the DC bus voltage outer loop and the three-current
inner loop current sharing control, based on the low-pass filtering method, to realize the
reasonable distribution of battery and super capacitor power. In addition, through the
introduction of super capacitor SOC automatic recovery control and maximum power
value dynamic limit strategy, the super capacitor SOC is maintained in an ideal state,
the size of the HESS is optimized, and the service life of the ESD is prolonged. Load current
feed-forward compensation control enables the DC bus voltage to quickly recover and
stabilize during sudden load loading and sudden load unloading, which reduces the
capacity demand of the APS.

2. Structure of HESS for DEPA

The basic structure of HESS for DEPA studied in this paper is shown in Figure 1,
where P represents power, and its direction represents the flow direction of power. To en-
sure the two-way flow of energy and facilitate energy management, both the battery and the
super capacitor are connected to the DC bus through a DC-DC converter. The distributed
hybrid electric propulsion aircraft power generation system is usually a generator driven
by a gas turbine, which is the main energy source for the normal operation. Aircraft loads
are mainly divided into DC loads and AC loads. Among them, the large-scale application
of speed-regulating motors, servo motors, and high-speed motors has seriously affected
the stability of the APS.

This article adopts a three-phase interleaved parallel DC-DC converter, where each
phase switch tube is a complementary conduction control mode, and the drive signals of
each phase differ by 120 degrees from each other. It can make the ripples of the inductor
current of each phase interleaved and superimposed, thereby reducing the ripple, while
reducing the switching loss [11]. The topological structure is shown in Figure 2.
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Figure 2. Three-phase interleaved parallel DC-DC converter.

3. Energy Management Strategy of HESS

Unlike land-based micro-grids and electric vehicles, HESS on DEPA needs to be prop-
erly designed to meet the space constraints of the aircraft and the power requirements
of the load. The proposed EMS needs to be based on a system composed of batteries
and supercapacitors according to system functional requirements and load characteristics,
which realizes the comprehensive deployment of electric energy through the charge and
discharge control of ESD, the regulation control of bus voltage, and the dynamic manage-
ment of load energy, thereby improving the overall efficiency and performance of the APS,
optimizing the size and life of HESS, and reducing the power demand of the generator.
The overall control goal of energy management is shown in Figure 3.

B
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First level » Voltage stabilization control: voltage outer loop and three current
control inner loop current sharing control

Time Scale

Figure 3. The overall control goal of energy management.

3.1. Traditional Low-Pass Filter

The most important thing when the HESS is working is the power distribution between
different internal energy storage devices. How to coordinate the charge and discharge
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between them is crucial to the stability of the entire system. The traditional HESS low-pass
filter power allocation strategy based on PI control is shown in Figure 4 [12].

PI PWM —

PWM ——>

Figure 4. The traditional HESS low-pass filter power allocation strategy based on PI control.

The basic idea in the figure is the decoupling control of low-frequency and high-
frequency voltage components, that is, how the lithium battery responds to the slow-
changing voltage component, and how the super capacitor responds to the fast-changing
voltage component. Since the power reference value depends on the DC bus voltage loop,
its hysteresis leads to poor bus voltage dynamic recovery performance, and there are
also problems such as the unreasonable state of charge of the energy storage equipment.
As such, this article improves it.

3.2. Three-Step Power Distribution
3.2.1. Working Status Division of ESD

To formulate a reasonable EMS, the working range of ESD is divided as shown in
Figure 5. Each ESD is divided into five areas. In SC, an ideal working area is added,
which belongs to the normal working area [13]. During the operation of HESS, it is
desirable that the supercapacitor is in or tends to the working area to deal with the next
power shock. The numbers in the Figure 5 indicate the SOC limits of each zone.

Figure 5. Schematic diagram of working status division (a) Battery; (b) Super capacitor.

3.2.2. Low Pass Filter

The low pass filter method is widely used in the high and low frequency power
decoupling of HESS due to its simple structure and strong practicability. The first-order
low-pass filter circuit and bode diagram of battery output power is shown in Figure 6.
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Figure 6. (a) Low-pass filter circuit diagram; (b) Bode diagram of battery output power.
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Suppose the input voltage of the filter is Uy, and the output voltage is Uy, as can be
seen from the circuit diagram, the circuit differential equation is:
au
RCTtY + Uy = Uy 1)
where T = RC, is called the filter time constant. Take the Laplace transform of the above
formula, the s-domain transfer function can be obtained as

1

H(S) - s+ 1

@

where s is the Laplacian operator. Therefore, it can be seen from Figure 6b that the larger
the value of 7, the smaller the cut off frequency, and that the lower the output signal
frequency after filtering, the more stable it is. It is suitable for filtering out low-frequency
components, as the reference distribution of the battery power. Therefore, the real-time
power distribution of the HESS can be realized through LPFE.

3.2.3. Super Capacitor SOC Automatic Recovery Strategy

In HESS, the main function of super capacitors is to provide or absorb high frequency
power caused by load changes. However, the energy density of super capacitors is low.
If they respond to high frequency power for a long time, the SOC of the super capacitor
may be in a low power state. To ensure that they can respond to high-frequency power
requirements during the operation of the entire system, the size must be increased to
meet this unique requirement. So, it is necessary to take certain measures to restore the
power of the super capacitor to the ideal working area to cope with the next power shock.
The specific measure is to add an offset value to the low pass filtered power value to
achieve the control target. This not only realizes the adjustment of the super capacitor
SOC, it makes full use of the super capacitor and overcomes the shortcomings of the
energy density of the super capacitor, thereby effectively optimizing its size, and the power
reference value allocated to the energy storage system will not change. In other words,
the external characteristics remain unchanged. The bias power is the power after low pass
filter and will not cause drastic changes in battery current. The size of the bias power
is determined by the deviation between the actual power of the supercapacitor and the
expected value, as shown in Figure 7.

A
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Figure 7. Bias power calculation and dynamic limiting.
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3.2.4. Maximum Power Value Dynamic Limit

As shown in Figure 7, this paper proposes a dynamic limiting strategy. When the SOC
of ESD enters the warning zone, the power command is limited according to a dynamic
limiting value, and the limiting value is determined by the energy of the ESD. Generally,
the power allocated to the ESD through the LPF has met the requirements for normal
operation, but at some point, the power of the energy storage unit is close to the limit
value, and it is not allowed to continue high-power charging and discharging. If this
power value allocated by the LPF is used, it will cause the ESD to be overcharged or over
discharged, and even damage it. Therefore, it is necessary to further modify the power
command to protect the energy storage unit to operate normally within the allowable
power range. Therefore, according to the characteristics of constant voltage charging,
dynamic current limiting is used instead of constant voltage charging. When the charge
reaches the forbidden charging zone, the charging current limit is reduced to zero to achieve
the purpose of constant voltage charging. Similarly, when the power of the energy storage
unit is low, it stops discharging the energy storage unit continuously.

3.2.5. Power Distribution Process

Frequent fluctuations of the generator power will increase the loss of the system,
and the basic function of the HESS is to cut peaks and fill valleys. To smooth the output
power of the generator, under the premise of ensuring that the output power of the
generator is maintained in the best working state, this paper proposes a three-step power
distribution control strategy to realize the energy optimization management of the HESS.
In the first step, the load current feedback control makes the bus voltage quickly return
to stability. The initial allocation process is the difference between the generator output
power P and the load demand power P; to obtain HESS power Prrss:

Prpss = P — Pg 3)

The second power distribution process is specifically as follows: First, the low-
frequency component of the hybrid energy storage system power Py is distributed to
the battery through the LPF, and the high-frequency component and the impact power of
the hybrid energy storage system P, is distributed to the super capacitor:

Ts

Ts+1 @)

1
Py =P X —— Pq=P — Py =P X
b1 HESS X g Fel HESS — I';m HESS
Combined with the super capacitor SOC automatic recovery strategy, a bias value
Pt is added to the above power to obtain the reference power of the battery P, and the

reference power of the super capacitor P:

Pb:Pblj:Pset P. = Py &= Pt

5
Py + P. = Pygss = Py + Pa ©)

The specific process of the third power allocation is to prevent the energy storage
device from exceeding its maximum charge and discharge power limit, as the second
allocation of power is limited. The final distribution power of the battery P;,; and the super
capacitor Ps, is:

Pbmax (Pb 2 Pbmax) Pcmax (Pc 2 Pcmax)
Pbat = Pb (Pbmin < Pb < Pbmax) PSC = Pc (Pcmin < Pc < Pcmax) (6)
Pbmin (Pb < thin) Pcmin (Pc < Pcmin)

Among them, Pypax, Ppmin are the upper and lower limits of battery charging and
discharging power respectively, and Prmax, Pomin are the upper and lower limits of super
capacitor charging and discharging power respectively. Due to the existence of the dynamic
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limiting strategy, the power limiting value is not constant. The schematic diagram of the
tertiary power distribution is shown in Figure 8.

Thefirst The second The third
power power power
distribution distribution distribution
SOC,., Battery
> Limit
soC —— Calculation
_ | BiasPower
™ Calculation —» LPF
 J
Prres Dynamic P
> LPF -
Limit
Dynamic | P
Limit
V. _ | SC Limit

| Calculation

Figure 8. Schematic diagram of TSPD.
3.3. The Proposed EMS Control Process

This paper conducts research based on a three-step power distribution. The pro-
posed EMS mainly includes the DC bus voltage outer loop, three-step power distribution,
and three-current inner loop current sharing control. Among them, the DC bus voltage
outer loop makes the bus voltage maintain at the rated value, and the TSPD realizes the
reasonable distribution of the power of the hybrid energy storage system. The three-current
inner-loop current sharing control enables the converter to accurately respond to the given
current value to prevent the three-phase imbalance of the inductor current of the converter.
The specific control process is as follows shown in Figure 9.
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! Dyarz
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Figure 9. EMS process.
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4. Simulation

This paper uses a 60 kW power level distributed electric propulsion aircraft proto-
type as a benchmark to build a simulation model. Filter coefficient is set to 0.15 s [14].
The simulation parameters of each part of the system are shown in Table 1.

Table 1. Simulation parameters.

Symbol Description Reference
U™ DC bus voltage 270V
Pg Generator rated output power 60 kW
Py Load rated power 60 kW
Upar Rated battery voltage 108V
Cpat Battery capacity 300 Ah
Maximum charge and discharge
Tomax: Tymin current of battery 2004
Usc SC rated voltage 108 V
Csc SC capacity 20F
Maximum charge and discharge
Lsemax, Isemin currer?t of SC & 200 A
SOCZ. Ideal SOC of SC 80%
T Low-pass filter time constant 0.15s

4.1. Sudden Loading and Unloading Simulation

The sudden loading and unloading operation of high-power loads is relatively com-
mon during aircraft operation, especially in combat mode, which will cause serious inter-
ference to the DC bus voltage and affect the quality of the power supply. Therefore, we first
simulate this typical operating condition. The system first runs normally at a power level
of 60 kW, and a load of 20 kW power is suddenly increased at 6 s, and the load is suddenly
removed at 7 s. The load power waveform is as shown in Figure 10a.

" I with HESS [ without HESS
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() (d)

Figure 10. (a) Load power waveform; (b) Generator power waveform with or without HESS; (c) Bus voltage waveform
under different control strategies; (d) Battery and super capacitor current waveform with TSPD.
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It can be seen from the Figure 10b that HESS can effectively reduce the power demand
of the generator and make the generator respond to the average value of load power
fluctuations, otherwise the generator power will inevitably follow the load power.

Figure 10c shows the waveform of the bus voltage in the case of sudden loading
and sudden unloading under the three control strategies, which are no HESS, traditional
LPE, and the TSPD control strategy proposed in this article. Under TSPD, the bus voltage
decreases by 11 V when the load suddenly increases and increases by 12 V when the load
suddenly decreases. The fluctuation is less than 10%, and then quickly returns to stability.
The recovery time is less than 10 ms, indicating that HESS can effectively compensate for
the load power and reduce the fluctuation of the DC bus. The voltage stability is improved
more than other strategies and realizes the optimization of the APS.

From Figure 10d, we can see that whether it is a sudden load increase or a sudden
decrease. The supercapacitor current change rate is always higher than that of the battery,
which shows the supercapacitor responds to the instantaneous impact power of the sys-
tem, and the battery compensates for the low-frequency power shortage, which further
illustrates the effectiveness of power allocation.

4.2. Simulation of Super Capacitor SOC Automatic Recovery Strategy

The lack of low energy density can be overcome by introducing a supercapacitor SOC
automatic recovery strategy. Set the ideal working area of the super capacitor to 80%.
The load is set as a periodic pulse load on the aircraft, which is mainly absorbed by the
super capacitor. Observe the change of supercapacitor SOC under traditional LPF and
TSPD control strategies.

It can be seen from Figure 11 that supercapacitor SOC has been maintained at more
than 80% under TSPD, while its SOC drops rapidly under the control of traditional LPF
and will eventually lose its ability to smooth load fluctuations. In airplanes with severe
space constraints, it is obviously of great significance to keep the super capacitor SOC at a
level that can cope with the next power shock, avoid the limitation of low power of the
super capacitor, and indirectly optimize the size of the HESS.

I Traditional LPF I TsPD
T T T T T

T

0.5 1 1.5 2 2.5 3 3.5 4 4.5
Time (s)

Figure 11. Simulation of Super Capacitor SOC Automatic Recovery Strategy.

4.3. Dynamic Limiting Simulation

The overcharge and over discharge of the power will seriously reduce the service life of
the ESD, and the allocated power must be limited, and this phenomenon can be effectively
avoided by introducing a dynamic limiting strategy. In the simulation, the battery is
charged with a current of 200 A (this phenomenon exists when the generator power is
greater than the load consumption power).

It can be seen from Figure 12 that the battery charging current is 200 A at the beginning,
but when the battery SOC enters the charging warning zone, the charging current is limited,
and finally the current is exactly 0 when it reaches 80%, while traditional LPF is over 80%.
On the one hand, this realizes the constant current and constant voltage charging function
of the battery. On the other hand, it avoids the occurrence of overcharging and prolongs the
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service life of the battery, because if you continue to charge with high current, the battery
SOC will inevitably enter the charging prohibition zone and cause harm. Therefore,
the proposed strategy prolongs the service life of the battery.
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Figure 12. (a) Battery SOC under different control strategies; (b) Battery current waveform under different control strategies.

5. Experimental Verification

To further verify the proposed energy management strategy, the distributed electric
propulsion aircraft test prototype built is shown in Figure 13.

W I ‘ Energy ! Motor

Storage l Controllers

—‘ Controller
Battery ;

Water cooling
machine

Four propulsion motorsand &
load simulation motors

Figure 13. Experimental platform of DEPA.

5.1. Sudden Loading and Unloading Experiment

To simplify the experiment, no generator is added. Take sudden addition and un-
loading of 20 kW power load as an example. The SOC of ESD is within the normal range.
The experimental results are shown in Figure 14, where I;;; and s in the Figure 14a are
the operating current of the battery and the super capacitor respectively, and I} ,,; is the
load current.

It can be seen that when the load is suddenly applied, the super capacitor takes on
the high-frequency power in the HESS through rapid discharge to slow down the drop of
the DC bus voltage, while the change of the battery discharge current is relatively slow.
When!the load is suddenly unloaded, the super capacitor takes on the high-frequency
power in the HESS through rapid charging to slow the rise of the DC bus voltage, while the
change of the battery charging current is relatively slow. Figure 14b shows the fluctuation
of the bus voltage when the load is suddenly applied. The bus voltage drops by 15V,
and the recovery time is 22 ms. Figure 14c shows the fluctuation of the bus voltage when
the load is suddenly unloaded. The bus voltage rises by 13 V, and the recovery time is
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20 ms. In general, the bus voltage fluctuation is less than 10%, indicating that HESS can
effectively compensate the load power, reduce the fluctuation of the DC bus, and maintain
voltage stability. Compared with the traditional control strategy, the TSPD method in this
paper greatly reduces the time for the voltage to recover and stabilizes, and it also has
certain advantages in reducing the degree of bus voltage drop. There is a battery charging
the super capacitor in the second half of the current waveform, because the SOC of the
super capacitor is less than 80%, which triggers the automatic recovery mechanism of the
super capacitor SOC. This strategy is verified in detail below.

20 T T !

L

150 [T~ \
100
ok
= o
-50-
-100¢
1500
-20 :
0 2 4 6 8 10
T/s
(a)
2 270V
. . _ 70V . , 13V | Ll P4 g
N . 15V—=*"" N\ >
Ude (50V/div) > Uae (50V/div) 20ms
Time (10ms/div) 22ms Time (10ms/div)
2
(b) (c)

Figure 14. Sudden load and unload test waveform: (a) Current waveform; (b) Sudden load bus
voltage waveform; (¢) Sudden unload bus voltage waveform.

5.2. Super Capacitor SOC Automatic Recovery Experiment

When the state of charge of the super capacitor is lower than 80%, set the expected
working area of the super capacitor to 80%, and observe the change of battery current,
super capacitor current and super capacitor SOC. As can be seen in Figure 15, since the
SOC of the super capacitor is lower than 80%, the battery charges the super capacitor until
the SOC of the super capacitor reaches 80%. Then, the battery stops discharging, indicating
that the automatic recovery control strategy of the super capacitor SOC is reasonable
and feasible, which ensures the power of the supercapacitor is maintained in the best
state and can cope with the impact of high-power loads compared with the traditional
control strategy.

At the same time, it can be seen from the figure above that the charging current begins
to decrease at 15 s, which is because the dynamic limiting strategy starts to work. When it is
close to the ideal value, the charging and discharging current is limited, effectively avoiding
the occurrence of overcharge and over discharge.
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Figure 15. Super Capacitor SOC Automatic Recovery Experiment. (a) ESD current; (b) Super capacitor SOC.

6. Conclusions

Aiming at the problem of severe DC bus voltage fluctuations caused by frequent
changes in the load of DEPA, this paper uses the hybrid energy storage system as a
carrier to propose an energy management strategy for HESS based on TSPD, and builds a
simulation and experimental platform to prove the effectiveness of the proposed method.
The following conclusions can be drawn from the research.

1. The EMS proposed in this paper can give full play to the complementary char-
acteristics of HESS. The battery responds to the low-frequency power of the load and
the supercapacitor responds to the high-frequency power, which effectively improves the
steady-state and dynamic performance of the DC bus voltage and improves the electrical
quality of the system.

2. The proposed control strategy makes full use of the super capacitor, overcomes its
low energy density, optimizes the size of the HESS, and extends the service life of ESD to a
certain extent.

3. The proposed strategy smooths the generator output power fluctuation, reduces the
generator’s capacity demand, and realizes the optimized management of the power supply
system.

The low-pass filtering method has always been a relatively mature technology, which is
effective in real-time applications, but it also has some limitations, such as the internal
power cycle of the HESS and the small amount of high-frequency power fluctuations in the
low-frequency power. Further improvements are needed in this research.
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