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SUMMARY: Utility-scale battery energy storage systems undergo frequent charge—discharge
mode transitions, inducing severe power surges that threaten power converter reliability and
grid interface stability. Existing solutions primarily address steady-state power smoothing or
mode transitions in residential-scale inverters. Consequently, the rapid bidirectional power
reversals inherent in utility-scale storage systems remain largely underexplored. This paper
identifies a transient power surge mechanism in dual-active-bridge (DAB) based storage
converters, revealing that phase-shift discontinuity during mode reversal is the root cause of
instantaneous power spikes. A composite control strategy is proposed, integrating a transient
phase-shift feedforward compensator with an adaptive virtual impedance regulator. Unlike
conventional mode-switching methods that rely on control loop replacement, the proposed
approach maintains a unified control architecture and dynamically reshapes the transient
power trajectory via pre-positioned phase-shift adjustments and impedance regulation. A
500-kW energy storage converter hardware-in-the-loop platform is constructed.Experimental
results demonstrate that the proposed method reduces the peak power surge by 74.6%,
shortens the switching transient duration from 1.21 s to 0.28 s, and limits DC bus voltage
deviation to within #3.8%. Furthermore, the proposed method exhibits superior transient
suppression performance compared with conventional Pl-based mode switching and
droop-only control under various states of charge (SOC) and power deficit conditions.

KEYWORDS: Power surge suppression; charge—discharge switching; dual active bridge;
transient phase-shift compensation; energy storage converter

1 Introduction

Battery energy storage systems integrated into power plants enable frequency regulation,
renewable smoothing, and peak shaving services. However, unlike residential or commercial
storage inverters that operate in steady state without frequent mode transitions, plant-level
storage systems experience rapid bidirectional power fluctuations dispatched by grid
operators. Consequently, safety and integrity risks induced by power surges during charge—
discharge mode switching have not been sufficiently investigated[1].

The primary two classes of existing research focused on the suppression of power
fluctuations in energy storage systems can be described as follows. The first class includes
steady-state power smoothing approaches which utilize low-pass filters, wavelet packets, or
model predictive control to assign high-frequency fluctuations to supercapacitors, batteries to
low-frequency components. They deal with the uncertainty of renewable generation, however,
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they operate under the assumption of uninterrupted operation in a single operational regime.
The second class primarily centers on the control of operational mode transitions, which has
been particularly well studied in the area of residential storage inverters and uninterruptible
power supplies. The most fundamental problem shown in Fig. 1, and the problem this paper
addresses, is that the charging and discharging operational modes involve a rapid reversal of
power flow, resulting in a transient power spike at the converter.

Charging mode

(P<0)
Power Power surge
Grid C during Battery
onverter o
switching
Discharging
mode (P > 0)

Figure 1: Schematic diagram of charge-discharge mode transition

A unified power control loop eliminating control loop switching was proposed for 5-kW
residential inverters, achieving a transition time of approximately 1.18 s [2]. Flywheel energy
storage systems have employed flux linkage angle compensation to suppress voltage/current
spikes during mode switching, achieving an 11-30% oscillation reduction [3]. Voltage
droop-based strategies for dual-active-bridge converters have demonstrated improved off-grid
transient response, reducing power overshoot from 28.87% to 4.27% [4].

Despite these contributions, three major gaps still exist. First, studies on mode switching
have only been conducted on low-power (<10 kW) residential systems, where switching is
less frequent and the ability to tolerate surges is greater. No analysis has been conducted on
the power surge mechanisms for bidirectional power reversals occurring rapidly in
megawatt-class converters that have large DC-link capacitances, high switching frequency,
and tighter grid code compliance. Second, traditional switching control approaches implement
control loop switching (e.g., from charging PI control loop to discharging PI control loop) that
are bound to cause signal discontinuities, leading to the emergence of power spikes. Finally,
the role of the converter's internal phase-shift dynamics and the external droop support grid
interaction at the moment of switching has not been investigated.

This paper addresses these gaps through the following contributions:

(1) A transients Power surge Model of a DAB-based Storage converter when in
Bi-directional mode switching is created to derive an analytical expression that links
phase-shift discontinuities to peak values of instantaneousenergy spikes.

(2) A transient phase-shift feedforward compensation framework is proposed, which
pre-positions the phase-shift angle prior to mode switching and dynamically reshapes the
post-switching trajectory without altering the unified control architecture.

(3) An adaptive virtual impedance regulator is synthesized with the feedforward
compensator, enabling coordinated suppression of both power surge and DC bus voltage
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deviation.

(4) Comprehensive hardware-in-the-loop (HIL) verification of the method on a 500-kW
converter platform evaluates its effectiveness in various power deficits and SOCs compared to
advanced standards.

2 Mechanism Analysis of Power Surge during Charge—
Discharge Switching

2.1 System Configuration and DAB Operating Principles

The plant-level energy storage system examined here implements a dual-active-bridge
topology as the bidirectional DC-DC interface between the battery bank and the DC bus. The
DAB topology is chosen for its high power density, soft-switching, and bidirectional power
flow features[5].

Under single-phase-shift modulation, the power transmission expression is
well-established:

_ nUba Udc(p(l'2|¢’)
2f L

where ¢ denotes the phase-shift ratio between primary and secondary bridge voltages,
positive ¢ indicates power flow from battery to DC bus (discharging), and negative ¢
corresponds to charging mode. Equation (1) exhibits odd symmetry: P(¢p) = —P(—¢), with
maximum power magnitude at |¢| = 0.25.

For small-signal dynamics around an operating point, the reduced-order model represents
the DAB as a controlled current source. The secondary-side average current (i;,) relates to
phase shift by:

0 €[-0.25,0.25] (1)
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2.2 Transient Surge Generation Mechanism

Traditional mode switching functions like this: in charging mode, ¢ = ¢_ < 0; upon receiving
a mode reversal command, the controller resets the phase-shift reference from ¢ to ¢ >0
through a PI regulator with limited slew rate. However, because of the aforementioned digital
control delay, anti-windup of the integrator, and the phase-shift initialization sequence, a
momentary asynchrony happens—the phase-shift ratio does not continuously pass through
zero but rather jumps or has a zero-crossing dead-zone.

Let o@(t) represent the instantaneous phase-shift trajectory during switching. The ideal
trajectory ¢*(t) should monotonically increase from ¢ to ¢, with bounded derivative. The
actual trajectory, constrained by the modulator update mechanism and controller saturation,
exhibits:

0., 1<t
P(O=1 Phota>  T0=I<11 (3)
%" fzfz

where [t0, t1] represents the phase-shift holding interval due to mode transition logic, and [t1,
3
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t2] is the PI recovery interval. The instantaneous power at the switching instant becomes:

n Ubat Udc(pjump( 1 _2‘¢jump D

P =
surge 2f;L
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where Pirmp = o(tl) — @(t0-) is the effective phase-shift discontinuity. This discontinuity

does not arise from some physical impossibility of a continuous phase shift, but rather from
the control architecture where charging and discharging are treated as two separate
operational modes with different regulator instances.

Additionally, during the holding interval, the battery current is suddenly cut off, which
causes ringing of the inductor current. This phenomenon leads to the injection of extra
transient energy into the DC-link capacitor. The DC bus voltage deviationAU,, is related to

the energy surge AE b y:
AU +U 2 U, 0= 5
dc Cdc dc0~Ydc0™ Cdc L ’ch ( )

Table 1 quantifies the relationship between phase-shift discontinuity magnitude and
resulting power surge based on (4), assuming a 500-kW DAB converter with parameters: Ubat
=800V, Uac=750V, fs=10kHz, L=50 pH,n= 1.

Table 1: Power Surge Magnitude versus Phase-Shift Discontinuity

@_jump Psurge (KW) Per-unit Value Ugc Drop (V)
0.05 225 0.45 18.3
0.10 400 0.80 32.6
0.15 525 1.05 42.8
0.20 600 1.20 48.9

Data indicate that even a phase-shift jump of 0.10 (40% of full-scale range) results in a
400-kW power surge—80% of rated power—within hundreds of microseconds. This surge
effect arrives at the grid-side inverter, possibly activating overcurrent protection or causing
AC-side frequency transients.

2.3 Limitations of Conventional Suppression Approaches

The previous suppression strategy adds a rate limiter to the phase-shift reference. However, ¢
jump IS reduced; meanwhile, the switch - ing transients are extended fromt=0stot=4sin
length under these conditions. An in-built trade-off exists:

Pyypge " T=CONSIaNt (6)

Reduction in surge amplitude but not elimination of root discontinuity still distributes this
short-term energy over an extended period, thus extending converter fatigue and delayting
grid connection. A widely adopted droop control scheme to regulate voltage in DC micro-grid
systems. It updates the reactive power setpoint in response to a DC-bus-voltage variation error.
During the mode switching process, the droop control loop is in conflict with the
mode-transition-logic, frequently triggering nested-integrator-saturation and further increasing
phase-shifting oscillation. Existing studies reporting improved off-grid performance have not
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addressed bidirectional mode reversal. The reported 4.27% overshoot refers to load-step
response within the same operational mode, not to cross-mode switching[6]. As required,
therefore, a control method for Phase-Shift Discontinuities needs to be introduced.

3 Proposed Transient Phase-Shift Feedforward and Virtual
Impedance Composite Control

3.1 Unified Control Architecture without Mode Switching

As a replacement for the two separated charge-and-discharge control loops, a unifying
controller over the full bi-directional working range is presented here. The controller adjusts
the phase shift ¢ to be a nonlinear function of the power shortage AP = P* — P, where P*
represents the grid-supplied power command (positive indicates discharging while negative
means charging)). Unified controller Structure is as follows:

A steady-state power regulator, implemented as a Pl compensator, which generates the
base phase-shift ¢_.

A transient feedforward compensator that pre-shifts the phase-shift trajectory before mode
reversal. An adaptive virtual impedance regulator that shape the output impedance during
transients to suppress power oscillations.

The unified control law is expressed as:

0 (=0, (O (Otp,,(0) (7)

where ¢ is the Pl output, g, is the feedforward compensation, and ¢ s the virtual
impedance correction.

3.2 Transient Phase-Shift Feedforward Compensator Design

We drive the phase-shift into a state of zero ahead of time to overcome the phase-shift
zero-crossing dead zone problem in traditional switching. The central idea of this paper is that,
under a voltage drop condition where @<0 and a rise condition under which ¢>0 pass through
¢=0. Instead of having the controller cross a zero randomly after the remaining integrating
state by accident, it sets up a scheduled zero-phase shift point deliberately.

The feedforward compensator observes the incoming mode reversal command and
computes a transient phase-shift trajectory qoﬁ,(t) that satisfies:

@ thpt,  1<t<t. (approachzero)
) f/(t): 0, t=t, (zerocrossing) (8)
kp(t-t,), 1.<t<t;(deparizero)

where kg and ky, are feedforward rates determined by the converter’s current slew rate
capability and the DC bus capacitance. The zero-crossing instant tz is explicitly enforced by
the modulator, ensuring that the phase-shift ratio is precisely zero when the power command
Crosses zero.

Critically, the feedforward path operates in parallel with the feedback regulator. During
the approach phase, the Pl output ¢ is gradually unloaded by the rising ? preventing

integrator windup. At tz, the total phase-shift ¢* = (pﬁ(tz) + ¢ _(tz) = 0. The feedforward gain
Kerr is defined as:
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KFF: (9)

where Trr is the user-adjustable feedforward time constant. Selection of Trr involves a
trade-off: shorter Trr yields faster transition but requires higher instantaneous current slew
rate; longer Trr reduces current stress but prolongs the zero-power interval. Analysis of the
converter’s small-signal model indicates that optimal Trr approximates 3-5 switching cycles.

3.3 Adaptive Virtual Impedance Regulator

Although feedforward compensation removes the phase-shift discontinuities, the DAB output
impedance and the DC bus network may still interact and cause post-switching power
oscillations. Additionally, some works use adaptive virtual impedance regulators to solve
Issues at the moment of switching resulting from this approach.

The virtual impedance is implemented as a first-order high-pass filter applied to the DC
bus voltage deviation:

k,s

(pw'r(s)='Zv(S) ’ AUdc(S)=' stm

"AUqg(s) (10)

where k, is the virtual impedance gain and w, is the corner frequency. The high-pass
characteristic ensures that virtual impedance remains inactive during steady state (AU, = 0)
but provides transient damping when bus voltage fluctuates.

The adaptation mechanism adjusts &, based on the operating mode and SOC. During
discharge-to-charge switching, k&, is temporarily increased to 2-3 times its nominal value,
then exponentially decays to steady-state level within 0.5 s. This temporary boost improves
damping precisely when the system is most susceptible to oscillation without affecting the
accuracy of steady-state voltage regulation.

3.4 Composite Control Implementation

The unified controller receives the power command P* and measured power P, computes AP
through the PI regulator to generate ¢ . Simultaneously, a mode transition detector monitors
the sign change of P*; upon detecting impending reversal, the feedforward trajectory
generator is activated. The virtual impedance loop continuously processes Udc measurement
and injects ¢ .. The three components are summed and limited to ¢ € [-0.25, 0.25] before
delivery to the digital pulse-width modulator.

The composite controller applies to existing hardware and incurs a minimal additional
processing cost—most ramp feedforward and virtual impedance filtering are first-order in
terms of computational cost. This makes the composite controller applicable to existing
converter controllers with limited digital signal processing (DSP) capabilities.

4 Hardware-in-the-Loop Validation and Performance
Evaluation

4.1 Experimental Setup

A hardware-in-the-loop validation Platform is established for testing the proposed control
Technique under real-world Operation Conditions at The Plant Level. The Platform includes
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the following parts: a real-time digital simulator that runs the 500-kw Dab converter and the
DC micro-grid plant model with electromagnetic transient resolution at 2ps, as well as a
TMS320f28379d Digital Signal Processor (DSP) based on the proposed control strategy,
signal conditioner interface to simulate analog measurements; gate signal acquisition. Table 2
shows the parameters of the DAB Converter.

Table 2: DAB Converter Parameters

Parameter Symbol Value
Rated power Prate 500 kW
Battery voltage Ubat 650-850 V
DC bus voltage Udc 750 V (nominal)
Switching frequency fs 10 kHz
Auxiliary inductance L 55 uH
Transformer turns ratio n 1:1
DC bus capacitance Cuc 12 mF

Four kinds of operating conditions were designed for an overview of the transient
performance: (1) Nominal power reversal under 50% state-of-charge; (2) Positive high
state-of-charged (90%) charging-discharging switching; (3) Negative low state-of-charged
(20%) discharging-recouping switch; (4) Power reversals between two levels, from +/-25%
rated output. Evaluate the Design Approach based on a combination of three reference
systems (classical PI-mode switching with rate limitation), Dropping Voltage Control without
separate switching suppression), Unified Power Control mode used in previous adaptation for
500 kW.

4.2  Transient Response Characteristics

Under conventional Pl control, the phase-shift exhibits a distinct discontinuity: the
charging-mode PI controller is disabled, its integrator reset, and the discharging Pl controller
initialized with zero output. This process introduces a 12 ms interval during which ¢ remains
at —0.12, followed by a step change to +0.08—a ojump 0f 0.20. Consequently, a 600-kW power
surge (1.2 p.u.) is observed, accompanied by 48.7 VV DC bus voltage drop and 1.21 s settling
time.

While droop-only control marginally couples feedback for the bus voltage to reduce the
surge to 510 kW, the phase-shift discontinuity occurs as a result of the mode-switching
architecture that underlies it[7]. Unified control methods eliminate control loop switching, but
do not employ zero-crossing scheduling, meaning control over phase-shift zero-crossing is
dictated by the integrator, which leads to a 380-kW surge and a 0.61 s transient duration.

Composite control methods, such as the proposed one, make a fundamental change in the
trajectory of transients. In this case, the compensator provides a feedforward function that, as
soon as it detects a mode reversal, at t = 1.0 s, then modifies the function of ¢ to approach
zero, and control the rate at which ¢ crosses zero to 0.015 ms -1, and so, at t = 1.018 s, ¢ will
be zero. The phase-shift is then held at zero for 0.5 ms (5 cycles of switching), after which it
is free to shift to a new steady-state value, thereby discontinuing the phase-shift. The
trajectory of power is then able to pass through zero without obstruction and peak to only 153
kW (0.306 p.u.), a 74.6% improvement from the conventional control. The DC bus voltage
deviation is minimized to 28.3 V (3.8%), and the transient duration t is minimized to 0.28 s.
Fig. 2 visually compares these key performance metrics under rated reversal condition. Table
3 provides a summary of the four test scenarios and a quantitative comparison.




Zhang

700

600
600
500
400
300
200 153
100 48.7
) 28.3
- 1.21 0.28
0
Peak power surge (kW) DC voltage drop (V) Settling time (s)
B Conventional PI Proposed

Figure 2: Performance comparison between conventional Pl control and the proposed
method

Table 3: Performance Comparison under Various Operating Conditions

Scenario Method Psurge (KW) | Udc Drop (V) | 1(s)

Rated Reversal (50% SOC) Conventional PI 600 48.7 1.21
Rated Reversal (50% SOC) Droop-only 510 41.2 0.95
Rated Reversal (50% SOC) Unified Control 380 35.6 0.61
Rated Reversal (50% SOC) Proposed Method 153 28.3 0.28
High SOC (90%) Conventional PI 645 52.1 1.35
High SOC (90%) Proposed Method 168 30.5 0.31
Low SOC (20%) Conventional PI 572 46.8 1.18

Low SOC (20%) Proposed Method 149 27.9 0.26
Partial Reversal Conventional PI 315 29.4 0.82
Partial Reversal Proposed Method 82 16.8 0.19

4.3  Virtual Impedance Contribution Analysis

To isolate the individual contributions of feedforward compensation and virtual impedance,
an ablation study was conducted. Feedforward-only configuration (virtual impedance disabled)
achieves Psurge = 195 kW and t = 0.34 s; virtual-impedance-only configuration (feedforward
disabled) yields Psurge = 290 kW and © = 0.52 s. Both components contribute meaningfully, but
feedforward plays the dominant role in eliminating the initial surge, while virtual impedance
effectively damps the subsequent 10-30 Hz power oscillation otherwise present during the
first 0.15 s after zero crossing[8].

The adaptive gain mechanism especially shows merit when high SOC conditions are
present. For battery voltages of 850 V at 90% SOC, the same phase-shift results in an increase
in power by 14% per (1). The virtual impedance gain is boosted by 2.3x automatically at the
switching transient which results in proportionally more damping to address the increased
sensitivity of the plant.

4.4  Robustness and Sensitivity Analysis
Studying the robustness of the method showed its effectiveness against parameter uncertainty
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and the noise of measurements[9]. The feedforward rate ki was adjusted to 340% of its
nominal value. Within this range, the surge magnitude remains below 210 kW. This
demonstrates that a precise understanding of system parameters is not necessary; the primary
advantage comes from imposing a controlled zero crossing, not the specific slope of the
trajectory.

DC bus capacitance was purposefully decreased by 30% in order to model converter aging
or variability in manufacturing. With the proposed method, Psurge < 190 kKW is achieved, while
in conventional control, Psurge Surges to 710 kW due to worsened voltage deviation. The
virtual impedance directly reduces voltage dips which explains the partial offset for the
lowered physical capacitance.

Performance is not materially degraded by measurement noise, which is emulated by
adding #1.5% random noise to the voltage and current feedback signals. The virtual
impedance filter’s high-pass characteristic will always reject DC and low-frequency noise,
and the feedforward path is open-loop during the crucial 20 ms window and is protected from
feedback corruption.

5 Discussion

5.1 Comparative Assessment and Theoretical Implications

The experimental findings support the main thesis: the power surge during charge—discharge
switching is primarily an artifact of control rather than a physical given. The method
introduced here, by rethinking bidirectional operation as a continuum rather than as two
separate modes, removes the fundamental discontinuity that traditional methods try to lessen
downstream[10].

A greater proportion, 74.6 per cent, of the rise was less than the 11-30 per cent range of
fluctuation changes found in some investigations into flywheel UPS switching and household
inverters transitions. The reason for this difference is mainly due to their different natures as
switchings. Flywheel systems have a physical inertia during mode switching, and their
current/voltage peaks are due to electrical angle offset; Angle compensation directly addresses
this issue. On the other hand, DAB converts do not use any physical method for unidirectional
switching; only structure is provided here. Therefore, in terms of mean, an absolute omission
does not hold up better against this lack.

The suggested approach further differentiates itself from hybrid energy storage methods
where fast transients are assigned to supercapacitors[11]. Those methods understand that
batteries cannot deal with quick power reversals and modularize (supercapacitors and
additional DC-DC converters) to circumvent the problem. This work shows that battery
converters, when properly controlled, can perform rapid and seamless bidirectional transitions
without further hardware. This is particularly important economically to plant-level storage,
where supercapacitor-based hybrid systems are very costly and take up a lot of space.

5.2 Practical Implementation Considerations

A number of practical considerations are informative. The first is that feedforward
compensators require information about upcoming mode reversals[12]. Regarding
grid-following operation, power commands are sent in a fixed periodic manner (typically 20—
100 ms). Therefore, a look ahead buffer of one dispatch interval is sufficient. As for
grid-forming operation, droop frequency control of the grid passing a nominal value generates
mode reversals; therefore, compensation is automatic, so prediction is redundant. The
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compensator will respond to an instantaneous sign reversal of the internal power reference.

Second , there is the zero-power interval, the time duration during which ¢ is held at zero,
and this causes a momentary halt in power delivery. The validation results indicate that a 0.5
ms interval (five switching cycles) is sufficient. For a 500-kW system, this translates to a total
of 250 J of unused energy. In frequency regulation service, 2—4 s response time is standard, so
the brief interruptions are of little significance. For applications that need a constant power
supply, the duration of the zero interval can be shortened to a single switching cycle (0.1 ms)
which will also decrease the zero interval duration (Psurge increases from 153 kW to 210 kW),
providing a customizable trade-off.

Third, it was established that the method is compatible with existing communication and
protection systems. The unified controller provides output of phase-shift commands that are
identical in format and range to those of conventional controllers; supervisory controllers and
protection logic receivers receive measurement signals that are unchanged. For retrofitting,
the only requirement is the modification of firmware[13]. No hardware, communication
protocols, or other systems need to be changed.

5.3 Limitations and Future Research Directions

Some existing limitations of this work indicate additional areas of research. The validation
used only one DAB converter battery to DC bus. Typical large-scale storage systems have
several parallel integrated converters with interleaved carriers and circulating current control.
The questions regarding the multiple unified control interactions when the controllers are in
different dispatches and mode reversals, such as when all the converters are set to the same
dispatch, need to be studied. First, it has been observed that in such situations, the current
slew rate is likely to be higher than the DC bus capacitor limit, thus requiring either staggered
feedforward ramping or some form of communication to control the feedforward[14].

The approach relies on ideal voltage behavior on both the battery and the sides of the DC
bus. Battery terminal voltage behavior during high current transients, especially the
instantaneous impedance of lithium-ion cells, were simulated as a voltage source with series
resistance. Such battery models, which are more advanced and include electrochemical
components, polarization and diffusion, may show some more transient behavior which are
not captured here. Extensions of the concepts to other bidirectional converter topologies are
fairly simple conceptually, especially for three-phase dual-active-bridge and resonant CLLC
converters, but those extensions will require topology specific phase shift to power
relationship[15]. The unified control principle of maintaining continuous control across zero
power, and maintaining a schedule for zero phase shift crossings, is topology agnostic, but the
rate limit feedforward control needs to be re-derived for the small-signal model of a given

topology.

6 Conclusion

A novel technique to suppress transients of power surges during switching modes of
plant-level energy-storage converter has been introduced and verified experimentally.
Analyses showed that the power spike was due to a combination of dual-mode operation
instead of an intrinsic defect in DAB conversion components. The proposed composite
control system tackles the aforementioned problem by integrating two methods: transients
Feedforward compensation, which stabilizes the control of zero-phase-shift crossing;
Adaptive virtual impedence control in conjunction with active increase in damping during the
recovery period after the switching event.
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Performing hardware-in-the-loop validation on a 500-kW DAB converter platform
showed that the method reduces the peak power surge by 74.6%, compresses the duration of
the switching transients by 76.9%, and keeps the DC bus voltage deviation within 3.8% for a
wide range of SOC and power deficit conditions. Feedforward control is believed to be the
main suppression mechanism from the studies, while virtual impedance is said to be the main
mechanism for suppressing residual oscillation. The method is shown to demonstrate
effectiveness in regards to uncertainties in parameters, measurement noise, and the aging
effects of the converter.

This paper demonstrates that the battery storage converter has achieved smooth
forward-and-reverse conversion with no extra components needed. This work disputes that
surge of power occurs unavoidably at switching times in conversion devices and requires
passive filter circuits or even hybrid SuperCapacitors to address the issue. Unified control
model postulates a firmware-only approach that can be applied to both old and new storage
systems for an agile and economical addition of grid-scale energy storage.
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