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Adaptive Rate-Limit Control for Energy
Storage Systems

D. Wu, R. Todd, Senior Member, IEEE and A.J. Forsyth, Senior Member, IEEE

Abstract—An adaptive energy management control with an
integrated variable rate-limit function is described for an energy
storage system (ESS). The proposed control protects the primary
power source(s) in the system as effectively as possible from
sudden load transients within the constraints of the available
stored energy. The control can be designed to use the available
energy more aggressively during load changes in the low or high
power regions while offering the lowest possible rate-of-change of
main source power, or offer a fixed minimum rate-of-change in
power for a given total load and amount of energy. The control
design is described in detail and demonstrated experimentally
when applied to a super-capacitor energy storage system within
an aircraft test facility.

Index Terms— Energy Storage System, Energy Management

NOMENCLATURE
Cs Super-capacitor capacitance
D Duty ratio
E ESS energy
EL,cH ESS energy using profiles L, C and H
Esc Energy stored in super-capacitor
E, E Target and usable target energy
laL Active load current
less ESS current
lgen Generator current
lrL Resistive load current
I Peak current in peak current controller
lse, lscref Super-capacitor current and reference
ke Rate-of-change in Pg
Pess Output power of the ESS
Pess.L Load component of Pesg.ref
Pess-re Recharge component of Pess_ret
Pess-ref ESS power reference
P Load power
P Intermediate load power
Ps Power source output power
Pyl Load component of Pyt
Pscore Recharge component of Pt
Pscref Super-capacitor power reference
Psi,cn Ps using profile L, Cand H
Vius DC bus voltage
Ve Super-capacitor terminal voltage
Vet Target super-capacitor voltage
Viref Current reference of the peak current
controller

I. INTRODUCTION

I n the more-electric aircraft, traditional mechanical, hydraulic
and pneumatic systems, which tend to be heavy, bulky and
inefficient, are replaced by power electronic converter-based
solutions, which are expected to be lighter, smaller and more
efficient. Further reductions in mass and complexity may be
achieved by replacing multiple types of power distribution
systems with a single electrical system which also allows more
flexible energy usage [1]. However, the introduction of more
electrical equipment not only increases the required capacity of
the electrical system, but also creates challenges of managing
the energy flows and power quality. This is due to the high peak
power requirements of some loads, the rapid load transients that
may occur, and the fact that most motor drives and power
electronic converters have constant power characteristics [2].

One approach to help solve the problems of energy
management, power quality and stability is the use of energy
storage systems (ESSs). A variety of control methods have
been proposed for ESSs including supplying peak power
demands [2], optimising efficiency [3], managing energy
storage availability [4], [5], and ensuring power quality [6], [7]
and stability of an electric system. Furthermore some efforts
have been made to consider multiple objectives, most
commonly seen in strategies using fuzzy logic [8] or neural
networks [3].

Zhang et al. [9] suggests the use of an ESS in aerospace
applications with highly dynamic loads to reduce the
rate-of-change of power demanded from the sources, such as
fuel-cells and gas-turbine-driven generators. Alleviating the
sudden load changes from the sources may reduce losses,
prevent excessive wear and extend the lifetime. A direct
solution to constrain the rate-of-change in output power or
current from the main power source is to use a rate-limiter to
command the ESS as in the fuel-cell system [7]. The
permissible rate-of-change is a compromise between protecting
the power source and increasing the size of the storage system.

Work in [10] - [13] uses low-pass filters (LPFs) to provide a
rate-limited demand signal to sensitive power sources with a
separate control to regulate the ESS voltage and manage energy
usage. A fixed time constant is used in the LPF and so the ESS
has the same response for a specific power step across the full
load range. Determining the time constant for the LPF is also a
challenge, since this affects the level of utilisation of the ESS
[14] and the extent of the performance improvement. As an



alternative to the use of a constant rate-limiter or a low-pass
filter, the author of [15] uses a Kalman filter to calculate a
dynamic average of the total required power for the main power
source to follow.

Existing ESS controllers with rate-limit functions either have
a fixed rate, which is likely to provide sub-optimal use of the
storage capacity under many conditions, or they can be
complex to design for optimal operation. To address these
issues, an adaptive energy management control with integrated
rate-limit is proposed. The control has the advantage that it
shields the primary power source(s) in the system from sudden
load transients within the constraints of the available ESS
energy. Different control designs enable the most effective use
of the available energy during load changes in the low or high
power regions while offering the lowest possible
rate-of-change of main source power, or offer a fixed minimum
rate-of-change in power for a given total load and amount of
energy.

This paper is organised as follows:
e  General analysis of an ESS is presented in Section II.
e The proposed control is explained in Section Il and

applied to a general ESS in Section IV.
e An overview of the experimental system, together with
validation results is given in Section V.

Il.  GENERAL ANALYSIS OF AN ESS

The proposed energy management control has two functions,
managing the available energy in the ESS and regulating the
rate-of-change of source power. These two aspects of the ESS
behaviour are examined in detail in this section as this analysis
forms the theoretical basis for the proposed control.

A. Steady-State

Fig. 1 shows three profiles of stored energy versus load
power, labelled L, C and H.
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Fig. 1 Sample stored energy against load power profiles.

All of the profiles in Fig. 1 pass the same two points, Eyax,
PL.min Where the energy storage unit is full and the load is at its
minimum, and Ein, PL.max Where the energy storage unit is at its
minimum and the maximum load is applied within the system.
In the analysis in this section, the minimum load power P, is
assumed to be zero.

For a specific load P in Fig. 1, each profile has a different
steady-state energy with profile L having the lowest stored
energy, E., and profile H having the highest remaining stored
energy, Ey, for the profiles examined. In general the stored
energy E may be expressed as a function of load power P,:

E=1.(R) 1)
where the function fi() defines the shape of the profile and
should be monotonically decreasing so that it satisfies the
general ESS rule of high stored energy at low load, and low
stored energy at high load. Other alternative profiles are valid
providing they pass the two points, Enax, PL-min @Nd Emin, P L-max
as these define the limits of device and system operation.

The main difference amongst the profiles in Fig. 1 is the
different energy flow for a specific load step at different levels
of load power, which is reflected in the slope of each profile.
Profile L has a high dE/dP at low load power and low dE/dP at
high load power, indicating that at low load powers the storage
system will respond more strongly, i.e., the low power region is
prioritised; profile H works in the opposite way and so
prioritises the high power region, and profile C has a constant
dE/dP and so the storage system will respond in a similar
manner at all load levels. As an example, a load step AP, from
Py to P shown in Fig. 1 results in a different change in energy
using profiles L, C and H. Since the load is in the low power
region, profile L results in more energy being consumed, AE,,
than the other profiles. For a load step in the high power region,
profile H would use more energy in response to the step than
either profile C or L. Simple piecewise linear profiles with no
rate-limit function have previously demonstrated this concept
[16].

B. Dynamic Response

To examine the shape of the ESS power transients that occur
in response to a step change in load, and the resultant transient
imposed on the power source, a sample load power step from
P.1 to Py5 is shown in Fig. 2 for a system consisting of a single
ESS. The consumed/stored energy AE from/to the ESS in
response to the load change, is the integral of the difference
between the load and source powers with time, (2). Taking Ps;
as an example gives the shaded area in Fig. 2.

AE = [Pt = [ (R~ P, )t )

In all cases in Fig. 2a, the ESS responds instantaneously to
the change in load (profiles Pessi, Pess2, Pess3), and the power
source has a zero instantaneous response and then gradually the
source output Ps;, Psy, Pss increases to match the load power.
The three profiles all consume the same amount of stored
energy AE to enable a fair comparison. Similar behaviour is
shown in Fig. 2b for a load decrease, however, the ESS absorbs
power in this case and the source power decreases gradually.

For profile Pg; in Fig. 2, the source power has a gentle initial
response (low dPs/dt) but encounters a high rate-of-change in
power as Pess; approaches zero. Profile Ps; is the opposite of
profile Ps;, with a high initial dPs/dt and a much reduced dPg/dt
as Pgsss approaches zero. Profile Ps, has a constant
rate-of-change in power and so has the lowest peak dPs/dt when
compared to Ps; and Ps3, for the same energy usage, and so is
used in the proposed control.
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Fig. 2 Three different power source response profiles.

By using the constant dPg/dt rate profile Ps, and denoting
dPs/dt equal to k., the energy used during the transition of P ; to
PLo (AP =P ,-P ;) in Fig. 2 can be worked out using (2):

2
AE =1APL - At =1APL AR _L1AR
2 2 k 2 k.

@)

The rate-of-change in power source output dPs/dt=k,, can be
determined from (3) as:

W, _oF

=K, = 4
dt  ° 2AE @

Eq. (4) reflects the simple fact that the dynamic response of
the power source, dPg/dt (or k;), will be gentler if exposed to a
small load change AP, with a large available stored energy AE.
The k. wvalue also indicates the minimum possible
rate-of-change in power throughout the load transition given a
known AP, and AE, since using any other non-constant dPs/dt
profile will result in a larger peak rate-of-change in power as
illustrated in Fig. 2.

By considering the extreme case when the load changes from
PLmin 10 PLmax (Or vice versa), and all the available energy is
used (or stored), i.e., AE=Eqax-Eminy AP =Pl max-PLmin, the
rate-of-change in power for this condition is K¢ max, Which is an
upper bound, and can be determined from (4) as:

_ (PL—max — I:)L—min )2 (5)
o 2(Emax - Emin)

Since this dPg/dt rate is fixed for the known total storage
capacity AE=Equ-Emin and maximum and minimum load
power P _nax and P min, the control objective is to make sure
that the dPg/dt rate for other load steps is equal to or less than
Kemax during the resulting charge or discharge process,
therefore:

(R P_in)’

2 — .
kc — APL < kc_max — L—max L—min (6)
2AE 2(E, o —Enin)
To achieve this objective, together with the energy usage

from Section 11.A, a control method is proposed and described
in Section I11.

I1l. CONTROL DESIGN

The proposed ESS control method shown in Fig. 3
determines the power reference Pgss.er Which commands the
ESS to provide/consume the required power, using two
separate components given in (7).

P

Essret = Pess— L~ Pess—re = P — Fessre (7
where the load power balance control component Pgss. is the
measured load power P, and Pgss.e iS the recharge component
which manages the ESS energy.
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Fig. 3 Generic electrical system with an ESS.

Assuming a lossless system, and that the ESS accurately
follows the reference value, SO Pgss=Pessrer, the ESS output
power is given by:

Pess = Fess_rr =P —Fs (8)
From (7) and (8), it can be deduced that:
Ps = Pessre 9)

Eg. (9) shows that the power source output Ps is indirectly
controlled by Pgss.e. Therefore the proposed control method is
to set Pess.re SO as to manage the dynamic power performance of
the power source and also the energy level of the ESS. The
proposed method is applicable to a generic electrical system
with any ESS, and the controller design is given in Section
I11LA and I11.B.

A. State-of-charge control

The process for managing energy is developed by
considering the discharge and charge of the ESS.

A discharge cycle is shown in Fig. 4a, where the load power
P_ (solid line) changes in steps from P i, to P and then to
PL.max and the power source output Pg (dashed line) changes
with a fixed rate k. given by (4) which respects the K¢ max
constraint over the full load profile. The energies consumed in
response to the two steps are labelled as AE, and AE,; in Fig. 4,
and E; is the corresponding total remaining stored energy at
load power Py.
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(a) Discharge.
Fig. 4 Full discharge and charge cycle of the ESS.

(b) Charge.

For any intermediate load power level P, sufficient energy
AE,=E-Emin has to be reserved to ensure that the ESS is able to
respond to a load increase from P, to the full load power P,
while restricting dPg/dt to the maximum rate K¢_max from (5).

The energy required AE=AE,=E«E;, at any intermediate
load level P, can be solved by substituting AE=E-E,, and
AP =P max-Py¢ into (6), so:

k — (PL—max - F)Lt)2 <k _ (PL—max
" 2AE-E;) T

— PL—min )2

- 2(Emax - Emin) (10)



which can be rearranged as:
> (PL—max B PLt)z
(PL—max - F)L—min)z
Similarly, for a charge process, Fig. 4b, a sufficient energy
margin AE=AE,=E..«-E: has to be reserved for a potential
power decrease from the load power P ; to the minimum load

power Py _nin, the solution is to substitute AE=AE|=Ex-E;, and
AP =P -P| min into (6), which gives:

- (PLt — PL—min )2 2 (Emax - Emin)

(PL—max - PL—min)

Eq. (11) and (12) define two steady-state profiles of energy
against load power, i.e., E=f(PLy) in the form of (1), so that the
target energy E; obtained from the profile ensures k.<K;.max for
a discharge process from any load power P\ to maximum load
power P_ma Or a charge process from any power Py to
minimum power P, respectively.

By defining E;’=E-E i, and P "=P+-P| min, (11) and (12) can
be generalised as:

(Emax - Emin) + Emin (11)

t

E < B (12)

E' P
> (1- L 2 i i
E £ ( P B ) for discharging ~ (13)
E' P
< 1_ L 2 -
Emax - Emin (PL—max - I:)L—min ) for Chargmg (14)

Egs. (13) and (14) can be rewritten in per unit terms by
defining Epase=Emax-Emins PL-base=PL-max-PL-min, @nd by setting
Et—pu:Et’/Ebase: PL-pu:PL’/PL—base:

Ep=@0-P ) for discharging (15)
B <1-P_,° for charging (16)

Eq. (15) is the form of profile L in Fig. 1, either reflected
from the equation itself or from illustration in Fig. 4a. The
state-of-charge at a particular load power is the lowest amongst
the three profiles, indicating that more energy will be
transferred in response to transients at low load levels, whilst
the minimum possible energy is reserved to meet potential load
increases up to full power at a dPg/dt rate of K. max. In contrast
profile H (represented by (16)) works in the opposite way and
provides the highest state-of-charge at any load level, just
reserving enough storage capacity to respond to a load decrease
to Pp_min at a dPg/dt rate of K._max. The two parabolas of these two
equations enclose an area in which the two inequalities, (15)
and (16), are always satisfied, and include the linear profile C in
Fig. 1, which is given by:

Et—pu =1- I:>L—pu (17)

According to the requirements of an application, any one, or
a blended combination of these profiles could be used, for
example blending the L and H profiles together according to the
predicted future use of power within the network.

B. Dynamic response control

The dynamic response of the ESS can be used to impose a
limit on the rate-of-change of source power, which is
determined by the following procedure.

The steady-state energy profile in Section I11.A determines a
target energy E=f(P_) for a given load power P,. Therefore,
the energy which may be used in response to a load change is
the current available energy, E, minus the target energy,
Et:fss(PL):

AE=E-E =E-f (R) (18)
where fi(P,) is either (15), (16) or (17), although other profiles
may be used.

The power difference between the load power P, and the
power source output Ps is given by:

AP =P —F =P (19)

By substituting (18) and (19) into (4), the rate-of-change of
source power is therefore:

P 2
k — ESS
‘ 2(E_ fss(PL))
which gives the most gradual, constant, rate-of-change in the
power source output for a specific load step.

For the purposes of a practical implementation, (20) would
be utilized in a real-time controller, where a rate-limit function
set by k. is constantly updated, and this process is illustrated in
Fig. 5. The bracketed term in the denominator of (20)
determines the useable energy, given by the difference between
the current and target energy; whereas the term in numerator

Pess is the difference between source and load powers.
New calculation

(20)

cyclel
[
Measure system variables Calculate rate-of-change k.
E, P, Pess k.=Pess’/2AE Eq. (20)
v L7 _
Determine target energy Ar?ply K to tr?e ESS limiting
E=fu(P)  Eq. (1) the rate-of-change of source
s ' power
L7 v
Determine useable energy Real-time controller execution
AE=E-E=E-f«(P.) Eq.(18) Execution time At passed
[ | Updated systeml

variables
Fig. 5 Flow chart of the k. calculation, (20).

IV. GENERIC ESS SIMULATION

The mathematical equations derived in Section I11 were used
to form a generic ESS simulation model to investigate the ESS
and system behaviour. This model is based on the electrical
system shown in Fig. 3, which omits the main power source
controller dynamics and the ESS inner control dynamics.
However the core behaviour of the ESS is preserved, enabling
the proposed ESS control method to be assessed without the
influence of other system dynamics. The performance of three
steady-state energy profiles L, C, H, as described in Section
I11.A, is examined by simulation using the dynamic response
profile described in Section I11.B.

A. Model

An ideal ESS can be modelled assuming that the power flow
to/from the storage device, Pess, and a differential equation to
describe the ESS behaviour can be written by combining (2),
(7) and (8):

E=PFss =Fesser =R —Fess e =R —F (21)

Fig. 6 shows the block diagram of the simplified Simulink
model for a generic ESS based on (21). An integrator is used to
relate Pess and E, and the summation block reflects the power
balance in the electrical system, Pess=P-Ps. The source power
Ps is effectively controlled by the recharge power signal Pgss.re
which is set to be equal to the rate-limited variable load power.



The rate-limiter actively controls the rate-of-change of Pgss.e tO
k. from (20) and so effectively limits the rate-of-change of the
source power Ps. Determining k. requires the measurement of
several system variables including P, Pess and E.

For simplicity, the model uses the per unit system, and is
therefore generic. In addition to the base values defined in
Section LA (Ebase=Emax-Emins PLbase=PrL-max-PL-min), the dPs/dt
base K..pase and the time base T, are defined as:

P 2
kc—base = b (22)
Ebase
Eb
Tbase = P = (23)
L—-base
E
_ Pyl Ea(0 K——————=—== 1
: kc=F:ESSZ/2AE P | :
I ke A 4 I I
P Ps=Pess-re | I
|

»| Rate limiter |
| Integrator |
»(+ 1/s
PL PL' Pess E

Fig. 6 Pess.re control using rate-limiter, (20), for ideal ESS model.

The maximum rate-of-change of source power in per unit
Ke-max-pu 1S therefore:

k (P —P

_ )2
k __ c—max_ __ —max L—min /
c—max—pu k -

PL—basez =05 pu
2(Emax - Emin) E
and is the rate that would occur in response to a load step from
minimum to maximum.

(24)

c—base base

B. System Design

Three energy profiles are examined, namely, L, C and H, as
previously described in Section IlI.A. Fig. 7 illustrates these
three profiles in per unit form based on (15), (16) and (17)
respectively, and the optimal rate-of-change in power k. can be
calculated using (4) for any load transition from P, and P,
(AP=P_,-P. ;) since the useable energy is known to be
AE=f(Pp1)-fs(PL2).

100 x :

L Profile

80 C Profile |
$ 60 : H Profile |
> |
1=y
2 40
i \

20 —

0 T

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Power, p.u.

Fig. 7 Three control profiles, L, C and H, for ideal ESS model.

Fig. 8 shows the calculated k. per unit values for different P ;
and P, combinations using profiles L and H. For example, a
load transition from P ;=0.2p.u. to P ,=0.3p.u. using profile L
will give k.=0.03p.u. as read from the P ,=0.3p.u. profile in
Fig. 8a. A negative k. indicates a load decrease, that is, when
Pu>Pro.

In Fig. 8, the shaded areas are when both P, and P, are less
than 0.5p.u., representing the low load region. In Fig. 8a where
profile L is used, the low load area is compressed towards the
zero line, indicating the dPs/dt rate k. is reduced and confirming
that the ESS will respond more strongly in the low load region

as predicted in Section Il.LA. However, this sacrifices the
performance at high loads, as the P, curves above 0.5p.u. in
Fig. 8a indicate much larger values of k., but less than the
maximum of 0.5p.u. The situation is reversed when profile H is
used, with the storage system responding more strongly at
higher loads, Fig. 8b. For profile C, the rate-of-change in power
changes linearly with the load step magnitude, having a
maximum rate of 0.5p.u. for a 1p.u(.) load step.
— A 6

P pu:

k. , p.u.

060010203040506070809 1 % 010203040506070809 1
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(a) Profile L. (b) Profile H.

Fig. 8 k. values calculated for transition from P to Py,.

The profiles in Fig. 8 show that the maximum rate-of-change
in source power K. is always lower than Kemax-p=0.5p.u. as
calculated in the design stage in Section IV.A.

C. Results

A selection of different load profiles, including small and
large power changes with different rise/fall rates, have been
examined, and sample results are presented and discussed in
this section for small load power increases to demonstrate the
system operation with the power rate-limited control presented
in Section I1l. The simulation model used is the ideal ESS
structure given in Fig. 6, and all three control profiles, shown in
Fig. 7, have been implemented to examine the ESS
performance. A time base of Ty=1s is assumed, so that the
time in the results is expressed in seconds.

Fig. 9 shows the power source and ESS response for small
load steps over the full power range of the load. The load power
increases from no-load to 1p.u. in 0.1p.u. steps occurring every
5s; each step has a 1ms rise time.

The load power and source power Pg are shown in the top
plotin Fig. 9; the ESS power is not shown in the plot for clarity,
but is the difference between the load and source power. The
middle plot in Fig. 9 is the rate-of-change in source power
dPs/dt and the bottom plot is the ESS energy E.

For each small load step, the source power in Fig. 9 does not
respond instantaneously but has a gradual increase/decrease
until it is equal to the load power. During each load transition,
the three control profiles cause different system performance
which is determined by the energy used. For the load step from
0.2p.u. to 0.3p.u. (t=10-15s), profile L, offers the most gradual
power source change dPs/dt=0.03p.u., whereas the dPs/dt for
profile C and H are higher at 0.05p.u. and 0.1p.u. respectively;
all values match the predicted value from Fig. 8. The energy
usage for profile L is more during this load transition at 15%,
compared with 10% for profile C and 5% for profile H, which
results in the lowest steady-state energy of 64%.

When the initial load value is 0.5p.u. (t=25s), the energy
usage of the three profiles is similar at approximately 10%



giving a dPs/dt value of near 0.05p.u as shown in Fig. 9. During
the load transition from 0.7p.u. to 0.8p.u., the profile H results
in the lowest dPg/dt since more energy is available for use, and

the profile H is designed to use more energy in this load region.
H C L

Power, p.u.

dPg /dt, p.u.

Energy, %

0 10 20 _. 30 40 50
Time, s

Fig. 9 Small load steps responses.

From zero to full power, the dPg/dt using profile L increases
as the initial values of the 0.1p.u. load steps increase, illustrated
in Fig. 9, second row, where the dPs/dt gradually increases
from 0.026p.u. at low load to 0.5p.u. at high load (cropped in
Fig. 9), validating the low load oriented design. Profile H
exhibits the opposite effect since it tends to use the stored
energy more strongly at heavier load levels, while the dP/dt for
profile C is constant at 0.05p.u. for a 0.1p.u. step with a
constant 10% energy consumption across the full load range.

The steady-state energy values in Fig. 9 match the design
data in Fig. 7 for a specific load P, satisfying both E=fy(P,)
and also E=f(Ps) since Ps=P, in the steady-state. However,
Fig. 10 demonstrates that when the ESS discharges, the energy
E against power source output Pg trajectory deviates from the
ideal control profile, E+fy(Ps) during a load transition. The
energy against power trajectory from one steady-state condition
to another is actually a parabola of the form of (15) (discharge)
or (16) (charge). If the profile is closely tracked then k. would
vary during the load transition and so the constant rate k.
condition would not be met. This has been confirmed by
simulation, however the results are not included here.

A LPF based rate-limit control with a 1s time constant to
enable all of the available ESS energy to be used in the event of
a full load transition, to match the general characteristic of the
profiles in Fig. 10, has also been tested by simulation. The
dPs/dt and ESS energy usage depends only on the magnitude of
the load step, and not the actual load on the DC bus. The power
source output has a first order response, with an initial high
dPs/dt which rapidly reduces, and becomes equal to the load
power after approximately five time constants; in general the
initial dPs/dt and settling time are higher from the LPF method
than can be achieved by the appropriate profile from Fig. 10,
imposing more onerous conditions on the power source.
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Fig. 10 Energy E against power source output Ps trajectories.

V. EXPERIMENTAL SYSTEM AND VALIDATION

The energy management control has been implemented on a
real 1.14MJ ESS located in an aircraft electrical systems
laboratory to demonstrate the practical implementation of the
control.

Fig. 11 shows a subset of the aircraft electrical system
demonstrator facility, which contains a switched reluctance
starter/generator (SRSG) [17], an active load (AL), an energy
storage system (ESS), and a background resistive load. The
high-speed SRSG operates as the main power source and
regulates the DC bus to be nominally 540V. The active load is
used to emulate the dynamic electrical load profiles used in the
test program, and a 120Q resistive load provides a fixed
background load level. The active load current 1, is measured
in real-time and used as part of the ESS reference Pgss.. as
described in Section IlI; the background load current is not
sensed by the ESS.
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Fig. 11 System diagram.

The ESS consists of three main components, which are the
super-capacitor bank which serves as the storage medium, the
bi-directional dual interleaved DC-DC converter [18] which
interfaces the super-capacitors with the DC bus, and the
dSPACE real-time platform (RTP) which is in charge of the
overall system. An overall schematic of the ESS is shown in
Fig. 12 to show the integration of the main components.
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Fig. 12 ESS dSPACE RTP and its connection to the power hardware.

The dSPACE RTP is programmed using a Simulink model,
and implements the supervisory power and state-of-charge
(SoC) control. The supervisory control determines the
super-capacitor current reference I depending on the load
level and SoC, which is calculated by dividing ESS power
reference Pgss in Fig. 6 by super-capacitor voltage, based on the



method described in Section 111. However, the converter cannot
be directly commanded using ls s as the peak current
controller (which is part of the converter design [18]) requires a
scaled voltage equivalent to I r, labelled as vis in Fig. 12.
The mapping of super-capacitor current Iy s to the scaled
control ~ reference v is  implemented using an
inverse-model-based feed-forward current controller [19],
which requires accurate modelling of the peak current
controller and the DC-DC converter.

The dual-interleaved half-bridge converter used in the
experimental system has a 170A current limit on the low
voltage (super-capacitor) side and can operate up to this
maximum current between 180V to 288V on the low voltage
side for 30kW operation. Lower voltages are permitted,
however with reduced power capability.

The super-capacitor bank used in the experimental system
comprises six 48V 165F super-capacitor modules connected in
series (BMODO0165, Maxwell), providing a maximum energy
of 1.14MJ and a total voltage of 288V.

A. Supervisory control design

The experimental testing involves a sub-set shown in Fig. 11,
of the full aircraft demonstrator and so the average load power
is low and only a small portion of the system capacity. It is
therefore appropriate to undertake experimental tests with the
ESS using only profile L. The steady-state SoC target
super-capacitor voltage V. can be calculated as (25) for
profile L, deduced from (11).

Vsc—t = \/(Vsi—max _Vsi—min) : (1_ PL / PL—max)2 +Vs§—min (25)

For the convenience of testing the maximum super-capacitor
voltage Ve.max in the experimental system is set at 250V as
opposed to the absolute maximum of 288V. The minimum
super-capacitor voltage V..min is et at 140V and so the useable
energy is 0.59MJ. The maximum load power P . IS Set to
30kW, however, for the dual-interleaved converter used in the
test system full power operation at the minimum
super-capacitor voltage will result in the super-capacitor
current slightly exceeding the converter continuous current
rating; in these demonstration results the load power is
therefore limited to 23kW.

The maximum rate-of-change in source power Kc.max can be
calculated using (5) with P__,i,=0 to give (26):

k — PLZ—maX
o Csc (Vsi—max _Vsi—min)

where Cs is the super-capacitor
165F/6=27.5F.

The optimal rate-of-change in power for a specific load
variation can be calculated using (20) to give:

2
= 27)
Csc (Vsc _Vsc—t)

where V. is given by (25).

With the steady-state profile L given by (25) the variable
rate-of-change in power k. can be determined from (27), and for
a full load transition gives K¢_ma=762WI/s.

(26)

bank capacitance,

B. Experimental Validation

A hypothetical radar load profile was programmed in the
active load to demonstrate the system level performance of the

ESS. The SRSG regulates the DC bus and its voltage droop
control is active. The control from Section V.A is used in the
ESS with profile L implemented.

Fig. 13 shows simulation and test results for the ESS and
generator when the radar load paralleled with a 120Q resistive
load is applied. The radar profile contains four power steps
which are 4kW, 5kW, 21kW and 7kW at times t=5s, 30s, 50s
and 100s.

The simulation results are obtained from a model using a first
order RC network super-capacitor representation [20] and the
averaged DC-DC converter model with the simple low level
super-capacitor current control from [21], the supervisory ESS
control of Section V.A, and a behavioural model of the SRSG
[17]. The detailed ESS simulation behaviour will differ from
the experimental ESS, however the effect of the different
converter and low level control will be negligible on the system
level behaviour as it is the supervisory control which
determines the system level operation.

The results in Fig. 13 show two consecutive radar load
cycles; the first plot is the active load (AL) and ESS currents 15
and Igss, the second plot is the generator current lg,, the third
and fourth plots are the super-capacitor current Iy, and voltage
V., respectively and the last plot is the bus voltage V. The
super-capacitor current reference ls.f, produced by the
supervisory controller is also plotted, shown in green in the
third plot (recorded by dSPACE RTP). The experimental data
and simulation results are overlaid to demonstrate the close
match between the data sets. The instantaneous efficiency of
the experimental ESS at t=30s and t=50s are 95.8% and 96.3%
respectively, and 89.9% at t=95s in light charging mode.

The generator current response exhibits different constant
rates-of-change in current following each load transient in Fig.
13. The state-of-charge control determines the specific
rate-of-change in generator power for each load according to
the available ESS energy. This is most visible in Fig. 13 during
the high power step when the dPg/dt from the experimental
results is 385W/s which is in good agreement with the
simulation value of 331W/s and 337W/s from theoretical
calculation. At the 7kW load point the dPs/dt from the
experimental results is -90W/s, which again is in good
agreement with the simulation value of -89W/s and -83W/s
from theoretical calculation.

The low rate-of-change in generator power imposed by the
supervisory ESS control results in the ESS never reaching a
steady-state value in Fig. 13, though the ESS output is
approaching zero for all load powers. For example, considering
the peak power of 21kW from 30s to 50s, the super-capacitor
voltage should be 153V in the steady-state, (25) however the
measured voltage is 163V at 50s in Fig. 13; if the load does not
change at 50s then the super-capacitor would continue
discharging until the voltage settles around the target of 153V.

In Fig. 13 there are two noticeable voltage transients per load
cycle, with magnified plots being shown in the boxes in Fig. 13,
which are caused by the sudden decrease in ESS current. At
t=23.7s, the super-capacitor current reference I s (third row,
green) reaches the ESS dead-band threshold of +2A, during
which the ESS is disabled to avoid sudden changes in power
flow direction; however, the actual super-capacitor current is
-10A and the ESS output current is -4A (charging), with the
error in reference and actual I, being caused by the inaccuracy



of the feed-forward super-capacitor current control. Disabling
the ESS when the output is -4A and not zero causes a step load
decrease on the generator, which increases the bus voltage,
triggering the resetting of the integral component in the
generator voltage control [17]. In addition, the bus voltage
transient at t=94.5s interacts with ESS controller which causes
a small pulse in I s at t=95s.
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Fig. 13 Overall system response due to hypothetical radar load.

In general, the results from the simulation correlate well with
the test data, with the exception of the transients resulting from
the deactivation of the ESS, and that the super-capacitor
voltage in the simulation is always higher than the experimental
value. A number of issues may contribute to the difference in
super-capacitor voltage, including converter efficiency,
feed-forward control inaccuracy and measurement errors, and it
is not completely clear which effect is most significant in
determining the ESS behaviour. The effect of converter losses
are apparent during the high power period from 30s to 50s,
where the super-capacitor current from the experiment is higher
than the simulation result, causing deeper super-capacitor
discharge, while achieving the same ESS current.

VI. CONCLUSION

A supervisory energy management control with an adaptive
rate-limit function is proposed for an ESS. The objective of the

control is to protect the primary power source from sudden load
transients within the constraints of the available stored energy.
This strategy is likely to allow the power source to operate
under more favourable, slowly varying conditions, minimizing
the potentially life-time limiting effects of rapid transients.
Furthermore, the efficiency of a primary power source, such as
a jet engine, is likely to be higher if its operating point changes
gradually. The control enables the ESS to be used more
aggressively within specific load ranges, whilst reserving
sufficient energy to limit future power source transients to a
maximum level.

The performance of the adaptive energy management control
has been demonstrated using a generic ESS simulation and a
real super-capacitor based ESS in an aircraft electrical system
demonstrator. The generic ESS simulation results perfectly
match the theoretical prediction in terms of energy usage and
rate-of-change in power source output, validating the control
concept for all three energy profiles. The proposed control
using profile L was implemented on a super-capacitor ESS and
the system response to a hypothetical radar load shows ESS
energy usage in accordance with the energy profile and well
controlled rates-of-change in the generator power.

More generally this work demonstrates the importance of
energy storage in aircraft power networks for a range of
functions including limiting the rate-of-change in demanded
power source output, managing the ESS energy usage and
system stability. Optimising these multiple objectives and
examining the performance of the ESS in more complex power
networks are topics for further research.
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