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Developing a Universal Framework for Modeling
DC-Connected Hybrid Real and Virtual Energy
Storage Systems

Derek Jackson

Abstract—A universal modeling framework for hybrid energy
storage systems is proposed. The framework can model various
energy storage types, both real and virtual. Hybrid systems employ
power electronics connected in various topologies to coordinate the
operation of multiple storages, which this framework generalizes
into a single, switching-averaged model. Multiple common dc/dc
converter types are shown to be compatible with this framework.
The universal model aims to simplify system design and analysis
by recognizing the commonalities of hybrid topologies, converter
operation, and storage dynamics to focus on the overall system
behavior and energy bandwidth requirements. The generalized
parameters can be transformed into real values to continue the
system design process. This paper focuses on defining the theory
of the universal model. A demonstration of the model shows the
framework’s validity by comparing simulation results to the proven
physics switching models.

Index Terms—Hybrid energy storage systems, virtual energy
storage, mathematical modeling, battery, supercapacitor, thermal
storage, HVAC, power electronics.

I. INTRODUCTION

HE complex loads of modern power systems include a wide
T variety of load dynamics that span multiple timescales.
Hybrid energy storage systems (HESS) are employed to accom-
modate these characteristics by utilizing multiple energy storage
types. There are many storage solutions developed spanning
various physics domains (e.g., electrochemical, thermal, me-
chanical), each with their own pros and cons that can be com-
bined within a hybrid system to achieve optimal performance. A
relatively recent solution called virtual energy storage (VES) has
gained attention, which aggregates controllable unidirectional
loads inherent to the system. These loads have inertia or energy
capacity and can effectively act as bidirectional storage by
modulating the power consumption dynamically using power
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electronics. Examples of VES include a building’s heating,
ventilation, and air conditioning (HVAC) system [2], [3], or a
hot water tank heater [4]. VES is an excellent solution for HESS,
as the hardware is already part of the system.

While hybrid storage has many appealing traits, itis a complex
system that involves many design decisions spanning storage
selections, power electronic converter and system architectures,
and control strategies. Design and analysis can become over-
complicated or intractable when all of these decisions are con-
sidered. The numerous approaches to energy storage model-
ing further convolute the processes. Hence this work aims to
simplify the design and analysis of dc-connected hybrid energy
storage systems through a universal framework for modeling. A
similar framework may be developed for ac-connected systems,
but is left for future work. The framework is divided into two
sections: one focuses on a universal model for any energy storage
device, and the second is a generalized model for a wide variety
of HESS with connected power electronics.

A. Energy Storage Modeling

For electrical engineering design and analysis, electrical
equivalent circuit modeling is a popular approach for energy
storage system design. This allows electrical engineers to eval-
uate the feasibility of various storage options, including system
stability, power efficiency, and sizing/cost. However, the wide
variety of available energy storage equivalent circuit models
make direct comparisons and trade-off studies challenging,
especially when involving multiple storage types within an
application. The distinction between circuit components that
affect power dynamics and energy storage capabilities can also
be unintuitive.

Multiple circuit modeling approaches exist across different
energy storage physics. For example, electrochemical batteries
can be modeled with a simple Thevenin voltage source and in-
ternal resistance, or use a more detailed RC-parallel impedance,
or utilize lesser-known circuit elements such as the Warburg or
constant-phase element (CPE) [5], [6], [7], [8], [9], [10], [11],
[12]. Another example are supercapacitors, where a number of
different circuit networks are considered for modeling the inter-
nal impedance and charge distribution, including RC-branches,
RC-ladders, transmission line models, and sometimes include
voltage-dependent variable impedances [13], [14], [15], [16],
[17],[18]. The internal impedance circuit network for the storage
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model typically reflects the level of fidelity desired in the anal-
ysis. Each series or parallel-connected RC-branch or RC-ladder
can represent a storage’s dynamics for a specific timescale.
Additionally, more complex networks could capture more detail
of the intricacies within a device. A good example of this is for
hydrogen fuel cells. In [19], the fuel cell is simply modeled with
a voltage source and resistance, while [20] proposes an intricate
circuit model to capture the internal mechanisms of fuel cell
operation. Another proposed model defines two different equiv-
alent circuits, depending on the fuel cell’s output power [21].

To summarize, existing energy storage electrical equivalent
circuit models often include Thevenin equivalents with a depen-
dent open-circuit voltage and a series of impedance networks
to track responses to transient loads. There are a handful of
other energy storage physics such as flywheel, pumped hydro,
and thermal that are less commonly modeled as an equivalent
circuit [22], [23], [24], [25], [26]. However, their interaction
with an electrical system as a mechanism of energy storage
can be represented by an equivalent circuit. Some effort in
modeling these type of energy storage physics with a unified
equivalent circuit can be found in [27], [28] but is limited in
its ability to model the interface between the storage physics
and an electrical circuit through power electronics. For VES,
models are either high-level that abstract away many of the
dynamics and losses of the system [3], [29] or use switching
circuit models [2], which are costly to simulate or offer little
value for long-term system-level design. Existing literature lacks
an attempt to formulate the VES in the same model framework
as real storage.

This paper defines an equivalent-circuit-based universal en-
ergy storage model (UESM) capable of accurately modeling
many storage devices, both real and virtual. The UESM identifies
the standard methods to represent time constants and dynamics
and defines a generalized template that applies to any energy
storage device. This universal representation simplifies design
studies and comparisons in addition to model development with
this single energy storage model template and allows different
storage physics to be more directly compared to each other.
To present a simple generalized energy storage model, not all
equivalent circuit models in the literature fit within the UESM
framework. Instead, common topologies among models are
identified and used within the UESM. It is important to note
that this universal framework does not aim to replace all existing
equivalent circuit models. Rather, this framework is developed
for system integration and analysis, where other complex or
device specific circuit networks will be more applicable for
different design stages.

B. Hybrid Energy Storage System Modeling

Simply connecting different energy storage types in parallel is
not sufficient for a HESS. Different storage types operate at vary-
ing voltage levels, which can also vary significantly throughout
their operation, preventing their direct connection. Thus, power
electronics are a critical middle-man to connect within a HESS.
Power electronics also enable the control of resource sharing and
voltage and power regulation that are needed to achieve optimal
operation objectives [30], [31], [32], [33], [34], [35], [36].

VES (ES#3)
DC/DC

Grid
AC/DC

)
Vius

[
ES#1

DC/DC| DC/DC

Load

Fig. 1. A high-level diagram of an example dc-connected hybrid energy
storage system with a main grid connection and generic load.

Using power electronics, a variety of topologies exist to
integrate multiple storage types into a HESS. The topologies
can be classified into active, semi-active, and passive configura-
tions [37], [38]. Selecting which configuration is optimal for an
application is not straightforward and requires detailed analysis
to determine their performance and cost, among other factors.
Conventionally, a topological change in a system requires de-
veloping a separate model for simulation studies. However,
there is little variation in system dynamics among the different
configurations when considering the core behavior of a HESS.
Since the primary objective of a hybrid system is the controlled
coordination between multiple storage types, understanding
each of their capabilities along with their required hardware
is the focus of analysis. Specific converter types and system
architectures are merely a means to achieve the power sharing
coordination. Thus, a simplified representation of the converters
can be made as a part of a HESS.

C. Paper Overview and Contributions

This paper presents a universal hybrid energy storage model
(UHESM) that incorporates a wide variety of dc/dc converter-
based architectures. An example of such a hybrid system is
provided as a high-level diagram in Fig. 1. Instead of starting
with a predetermined storage selection and architecture, the
UHESM can be used to explore possible solutions by identifying
system specifications that narrow down and guide the design
process. In addition to its generality, it models the dynamics of a
HESS with sufficient fidelity for a large variety of analysis. This
paper does not implement every type of energy storage physics
and converter type in this framework, as existing storage types
and converter topologies are numerous. Rather, this work aims to
show the feasibility and applicability of the proposed universal
framework and provide enough detail for others to implement
specific storage types into this modeling framework.

It is entirely possible that the universal framework will need
to be updated when more storage types are explored. Without
over-complicating the modeling effort, this work shows that
a significant number of existing energy storage devices are
compatible with such a framework.

The proposed framework is presented in two stages. First,
UESM is defined, capable of accurately modeling any energy
storage, both real and virtual. This universal representation
allows all energy storage mediums to be directly compared to
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Fig. 2. HVAC-based virtual energy storage in electric circuit representation.

each other, simplifying design studies and comparisons. Second,
auniversal model for HESS is provided that can represent a wide
array of system architectures and power electronic converters.
The two stages combined creates the UHESM. The contributions
of the UHESM include the following:

1) A universal representation for many energy storage types.

2) A common modeling theory unifying real and virtual

storage.

3) A generalization of hybrid energy storage converter types

and system topologies.

4) A modeling framework that simplifies design exploration

and analysis.

Prior to introducing the modeling framework, the virtual
energy storage concept is discussed in Section II to provide
readers with the necessary background knowledge to understand
its compatibility with this work. The UESM is presented in
Section III with a few examples of energy storages modeled
under this framework provided in Section IV. The UHESM is
given in Section V. A demonstration of the UHESM is provided
in Section VI, accompanied with a comparison to the switching
model simulation and discussion. The paper concludes with a
summary and proposed future work in Section VII.

II. VIRTUAL ENERGY STORAGE CONCEPT

The energy buffering behavior in VES is realized by control-
ling thermal and inertial loads inherent to a system. While these
are usually unidirectional loads, they can behave in the same
functionality as real energy storage. Neither real nor virtual
storage creates energy, they only sfore energy for later use.
From an average energy usage perspective, temporarily reducing
the amount of power an inherent load draws is equivalent to
supplying that amount of power. This section will cover how
a building’s HVAC cooling system can be operated to behave
as a VES. The theory, hardware, controls, and modeling details
are included to provide the necessary background information
to understand the VES concept.

A. HVAC System and Operation

The primary energy storage medium is the thermal capac-
itance of the air within the building. While in cooling mode,
energy is expended to maintain a comfortable temperature.
External air temperatures, solar radiation and internal heat
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generation sources, such as from humans, electronics, and light-
ing, counteract this cooling effort. While remaining within a
nominal temperature range, the HVAC system can modulate
its power consumption to act as a power bandpass filter. The
lower frequency limit of the filter ensures temperatures remain
within the comfort zone, and the upper frequency limit prevents
unwanted acoustic noise and equipment wear caused by the
speed adjustment of the HVAC system [2].

A power electronic-based architecture of the HVAC system
is shown in Fig. 2. It consists of a dc/dc converter, hex-bridge
inverter motor driving a 3-phase permanent magnet synchronous
motor (PMSM) connected to the HVAC fan, and the lumped-
capacitance thermal equivalent circuit model of the building.
HVAC thermal modeling is based on [2], [3] where the mass flow
rate ri of the air is proportional to the fan speed w 45, (1), and the
power consumption Py, of the motor is proportional to the fan
speed cubed (2). The cooling system’s heat transfer Q4. given
in (3), is determined by the temperature difference between the
cooling air 7; and building’s air 7} and is proportional to the
specific heat capacity c, and .

The lumped thermal model of the building is given in (4)
where the change in building temperature is driven by con-
duction with the outside air temperature Tj.,, through the
insulated walls with resistivity Ry, Qnyac. and the combined
heat gain (), of external and internal heat sources. C} is the
building’s thermal capacitance. The thermal circuit in Fig. 2
is equivalent to (4), where Q4. and the heat transfer with
the outside air both behave as a series connected resistor and
voltage source. The variable HVAC fan speed results in a variable
resistor Rppae = (cp:rh)—l. @, isnotdependent on the building’s
temperature and is thus modeled as a current source.

m = klw_fan, (1)
-Pfa.n = kﬂw?an 2)
thac = Cpm(ﬂ - Tb) 3
dT; 1
bd_tb = E(Tamb - Tb) + Q.’wac + QU (4)

B. HVAC and VES Controls

In this control scheme the dc/dc converter indirectly regulates
the building’s temperature and performs the power filtering
while the hex inverter regulates the dc-link capacitor voltage
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(b)

Fig.3. VES control system where (a) regulates vp,, s using the dc/dc converter
and (b) regulates vy, using the motor drive.

v4. between the two converters by adjusting the input current of
the motor. The roles of the two converters are interchangeable,
but this control approach conforms to the UESM framework.
By having the motor drive regulate vg4., the system behaves as
a power electronic connected energy storage device. Similar to
a battery, the dc voltage regulation acts as a series impedance
to an “open-circuit” voltage. Section I'V-C further discusses this
concept. A diagram for the control system is shown in Fig. 3.

The dc/dc converter controller (Fig. 3(a)) consists of a temper-
ature PI regulator cascaded with a current compensator driving
the PWM signals duty-cycle d. The converter’s output current
ipus tracks the difference between temperature regulation current
i7 and power filtering command current igg. 754 can be
implemented in a couple of different ways. In [2], a power
bandpass filter is fed into a 2-D lookup table that calculates
the necessary fan speed bias to achieve the power filtering. This
approach requires an additional feedback loop for fan speed
regulation but effectively behaves the same as Fig. 3(a). In this
work, i 7y handles a specified bandwidth of the vy, controller
output current command. The remaining vy, regulating current
is handled by the other storage devices within the HESS. This
HESS control scheme is demonstrated in Section VI.

The dc/ac inverter control’s (Fig. 3(b)) primary goal is to gov-
ern vg.. This is achieved by adjusting 7.4, the rotating reference
frame’s g-axis current. The d-axis current i,4 reference is set to
zero to prevent PMSM flux weakening. Space vector modulation
is used to derive the inverter switching signals to generate the
desired motor terminal voltages veq and vggq.

ITI. UNIVERSAL ENERGY STORAGE MODEL

The UESM consists of two isolated but coupled circuits: a
state of charge (SOC) domain circuit and an electrical domain
circuit, both shown in Fig. 4. The domain coupling occurs
through the discharge function fg(-) and the component-states
function f.(-). fo(-) outputs the discharge current i for the
SOC domain, and is a function of the ES output current i,
in the electrical domain. f4(-), a function of the storage’s inputs
and states, outputs the electrical domain and SOC domain circuit
element values. The state-dependent impedances allow capacity

and electrical dynamics to change with respect to the storage’s
states such as SOC or temperature.

The specific equations for the discharge and component-states
functions are energy medium dependent and therefore a general
solution for them do no exist. Due to the potentially complex
relations the functions must represent, this paper uses a math-
ematically or experimentally derived lookup table for simula-
tions. However, any approach to implementing these functions
can be used, given that they do not contain any internal states.

A. SOC Domain

The SOC domain (left side of Fig. 4) represents the primary
storage system of the energy storage and defines how effective
it is at storing energy for a period of time and how fast it
will passively lose charge. The circuit captures charge capacity,
charge redistribution, self-discharge, and external inputs from
other non-electrical energy domains. It is a normalized circuit
such that voltage vy is equivalent to the SOC (e.g., vsoc = 0.5
when SOC = 50%). The conversion from the original physics
domain to the SOC domain is achieved by using (5)—(7), where
7 is the original domain value associated with a SOC = 100%
and zo with SOC = 0% (e.g., for a supercapacitor z; = 2.7V
and o = 0V). (' is a capacitance, and R’ is a resistance of the
original domain.

soc = X220 (5)
Iy — Ip
O: C’|:L‘1 —Iu| (6)
R= R %)
|1 — Tol

The primary storage element is represented as Cg,c and is
often the largest capacitance in the SOC domain. v, is the
voltage across Cjqc. The discharging/charging of the storage is
modeled with i, which is dependent on the output current in the
electrical domain ., and fg(-). Since no storage can indefinitely
hold energy, a self-discharge resistor R,, is included. The RC-
ladder networks, consisting of R, and Cy, forn € {1,..., N},
captures the charge redistribution within the storage medium.
The UESM is also capable of modeling SOC changes from
external inputs. This is less applicable to closed-system storage
mediums such as lithium-ion batteries or supercapacitors, but
is useful for open-system mediums such as hydrogen fuel cells,
flow batteries, and virtual storage. As an example, the hydrogen
in fuel cells are refilled via a fluid inlet while it supplies energy
through an electrical terminal. External inputs are represented
either as a voltage vey: and resistor R, branch, or a current
SOUICe fegg.

The SOC domain can be modeled using the following gener-
alized state-space equations. Any storage medium includes Cyqc
and thus (8) will always be used. In the case that the modeled
storage does not include RC-ladders or external inputs, the
related terms can be omitted from (8), or simply set R, = oc.
The dynamics of the charge redistribution is modeled using (9)
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Fig. 4. The universal energy storage model (UESM).

for each RC branch, where v,,_1 = vgo forn = 1.

d _ _ _
Osocaﬂsoc = — [Rpl + R1 ! =+ Rexlg] Vsoc
+ Rflvl - E.Q - iezt + Rg_zltvext (8)
d _ _ _ _
Cnﬁﬂn = - [Rnl + Rn-}-l] Un + Rnl'Un—l + Rn_]l;_]_vﬂ-‘r].

)]

B. Electrical Domain

The electrical domain (right side of Fig. 4) captures the electri-
cal dynamics of the storage. This includes the equivalent internal
voltage v;,¢ and impedance Z ., that facilitates analyses such as
response time, transient stability, and the control implementation
of the energy system. v;,; and Z.. can either be functions of the
system inputs and states or constant, depending on the storage
medium and the chosen fidelity. For real storage, the dynamic
traits are often inherent to the physics or configuration of the
storage medium and limit the energy bandwidth that the ES can
supply effectively. For VES, the electrical domain circuit can
be customized to an extent but also represents its limitations in
supplying power.

The storage’s impedance Z.. consists of a series connection
of anumber of RLC-parallel branches R, || Ly, ||Cy. Each branch
captures impedance characteristics on varying time scales, such
as seconds, minutes, and hours. These impedance branches are
relevant for modeling the charge depletion and recovery effect in
batteries [7], or the ion transport effect in supercapacitors [17].
Combined with v;n;, a single RLC branch can also represent a
voltage PID controller [39], [40] and is utilized for VES. Any
RLC branch can be reduced to an RC or LR branch by setting
L=occorC=0.

The electrical domain is modeled using the following gener-
alized state-space equations with inputs v;,; and i.s. An RLC
branch’s voltage v, is determined using (10). For C,, > 0, vy,
is self-defined as it is the state of the n*" capacitor. There are
two possible state equations for each RLC branch, one for the
current through Ly, i1, », and one for the voltage across Cp,
vp,. These circuit element states change following (11) and (12),
respectively. The storage terminal voltage v, is calculated with
(13).

Un ,ifCp >0
Un = § (les —iL,n)Rn ,if Lp <00& Cp =0 (10)
ToeFRp , 0.0,

Electrical Domain
Ly
+
Ves
Ry -
O
d .
L'REZL,'R = Un (11)
d . ) 1
O‘n—Un = tes — IL,n _Uan (12)
dt ’
N
Ves = Vint — Z Un (13)

n=1

C. Modeling an Energy Storage Device With the UESM

The UESM framework aims to be compatible with many
different energy storage devices and physics types. The primary
prerequisite for a device’s compatibility is that it must be capable
of receiving or delivering electrical power. The other prerequisite
is that the storage mechanism must be modeled with differential
equations, which most physics domains can and are. To create a
UESM representation of a storage device, it is also essential to
establish how the UESM may be used. The UESM focuses on the
storage’s electrical interaction with an electrical power system
and the storage’s primary storage mechanism. It establishes a
framework that allows an engineer to understand and model
the dynamics that govern how energy is stored, with the SOC
domain, and the electrical dynamics involved with transferring
energy to and from the primary storage mechanism with the
electrical domain.

The two domains of the UESM allow a storage device’s
energy-storing mechanism to be modeled separately from its
electrical interface. This separation is both beneficial and nec-
essary, as the majority of devices store energy within a different
physics domain than electricity. The other physics domains often
transfer energy through an electrochemical or electromechanical
interface, sometimes through complex interactions. The UESM
captures this interaction with the discharge function fg(-).

Representing the conversion between physics domains with a
single, stateless function fg(-) has limitations. Sometimes, the
energy ftravels through multiple physics domains between the
storage mechanism and the electrical interface. For example,
the HVAC-based VES receives electrical energy but stores ther-
mal energy through a mechanical interface. A complete system
model would consider the rotational inertia of the HVAC motor
that stores some quantity of energy. Similarly, the water flowing
through the turbine in a pumped-hydro storage system contains
some kinetic energy that would not be captured in the UESM.
These mechanics are omitted from the UESM to focus on the
dynamics of primary concern in hybrid energy storage design
for electric power systems.
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S0C Domain

Electrical Domain

Fig.5. Battery UESM.

It is assumed that the omitted mechanics of a storage device
can be sufficiently approximated as a function dependent on
only the SOC and electrical domains of the UESM. This is
justified because the energy storage of the mechanics between
the SOC domain and electrical domain can largely be ignored
in a well-designed hybrid energy storage system. Each storage
device has a limited bandwidth to store and supply electrical
power. The bandwidth lower limit is related to the storage’s
energy capacity and ability to retain the energy over time.
The bandwidth upper limit corresponds to how quickly the
device can deliver or receive electrical energy while satisfying
physical constraints. For example, the HVAC-based VES has
an upper-frequency limit to avoid unwanted acoustic noise and
physical strain on the mechanical component of the system [2].
These constraints limit how quickly the VES can respond to a
power command and allow the system’s mechanical stage to be
well approximated with a steady-state function contained within
fo(-). So far in developing the framework, the limitation of
omitting some mechanics of a storage device does not impede
the ability to model the device. However, some minor modeling
error is introduced and is explored in Section VI-C.

IV. ENERGY STORAGE REPRESENTATIONS USING THE UESM

This section presents a few UESM representations of popular
energy storage devices. It does not comprehensively cover all
existing energy storage physics, but serves as a demonstration
of the flexibility of the UESM framework.

A. UESM: Lithium-Ion Battery

Representing a lithium-ion battery using the UESM is the
most straightforward as it requires minimal adjustments to ex-
isting dynamic models in literature, such as [5], [7], [10]. It
is common to represent the dynamics of a lithium-ion battery
using several series connected RC parallel branches. This series
impedance captures the change in resistance from the charge
depletion and recovery effects [7]. The electrical domain of
the UESM models the same dynamics. In fact, there is little
difference between the UESM battery model shown in Fig. 5,
and the model presented in [5]. Each RC branch’s resistance and
capacitance are both a function of the SOC. The open-circuit
voltage source is also a function of the SOC, being a linear
relation in simple models and a nonlinear relation in more
detailed models. The voltage source and RC branch parameters
are calculated in the component-states function of the UESM, a
function of SOC and discharge current 7. Note that the UESM
component-states function generally does not depend on 7. For

R Y Ic.rw’}ng
e % o

Fig. 6. Supercapacitor model from [17].

this battery model, the electrical domain impedance changes
whether the battery is charging or discharging. The sign of i is
used instead of the derivative of SOC to help with simulation.

The SOC domain is also similar to existing battery models [5],
[7], where a battery’s capacity is commonly defined as stored
charge in units of amp-hours (Ah). The SOC is thus a ratio
between the maximum charge and the charge stored in the bat-
tery. Or equivalently, the integration of discharge current [ igdt.
Given the direct relation between discharge current and SOC, the
SOC domain model is simply a single capacitor in parallel with a
current source, as shown in Fig. 5. This is also the approach used
in [5]. The SOC capacitance is defined as the charge capacity
in Coulombs (i.e., Csoc = Ak - 3600). The voltage across Cgec
is equivalent to the battery’s SOC, as with all implementations
of the UESM. In both [5], and the UESM, the SOC domain
current source ig is equivalent to the ES output current i.
Some battery models also capture the self-discharge rate, which
can be modeled as a resistor in parallel with Cy,.. However, this
paper omits the battery’s self-discharge as it involves a relatively
large time constant.

B. UESM: Supercapacitor

Numerous supercapacitor equivalent circuit models exist in
literature with various topologies. An in-depth discussion on
each modeling approach is out of the scope of this paper, but
readers can refer to [14], [18] for review and comparisons. In
general, supercapacitor equivalent circuit models are grouped in
RC parallel branch dynamic models, multi-stage RC ladder (or
transmission line) models, and multi-branch RC series models,
or a combination of them found in [17]. Aside from the multi-
branch RC series model with an incompatible circuit topology,
any of these model types is compatible with the UESM. The
RC parallel branch dynamic model [14] uses a similar topology
as the dynamic battery model used in Section I'V-A, thus is not
discussed further in this paper.

The remainder of this section will demonstrate how the super-
capacitor model presented in [17] can be transformed into the
UESM framework. The model is shown in Fig. 6 for the reader’s
convenience. However, the parallel leakage (self-discharge) re-
sistor R, is moved to the left side of the series resistor R, and
into the SOC domain, to fit the UESM. Given the resistance
magnitude difference between R, and Ry, this minor change in
model topology results in a negligible error.

The dotted line in Fig. 6 marks the separation between the
SOC and electrical domain. The resulting UESM representation
is shown in Fig. 7. All circuit elements in the electrical domain
are identical to the corresponding elements from [17]. The SOC
domain circuit elements are derived by transforming the circuit
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HVAC UESM.

elements shown on the left side of Fig. 6 using (6)—(7). Similar
to the battery UESM, the SOC domain discharge current iq
is equivalent to the supercapacitor’s output current i... The
relation between v, of the SOC domain and v;,,; of the electrical
domain is vint = VinaxUsoc Where Vi is the rated voltage of the
supercapacitor.

C. UESM: HVAC-Based Virtual Energy Storage

For an HVAC-based VES, energy is stored using the thermal
capacitance of the building’s air. Therefore, the SOC domain
models the building’s thermodynamics, where the SOC is pro-
portional to the temperature T3. Feeding power into the VES
(i.e., cooling the building) results in the charging of the ES.
Since the HVAC system in this scenario provides only cooling
to the building, an SOC = 1 occurs at its minimum temperature
limit (T = Thin) and SOC = 0 at its maximum (Tp = Tax).
The thermodynamic parameters of (4) are scaled using (5)—(7),
with g = Thax, T1 = Tmin. This VES has both an external
voltage SOurce vey; and current SOUICe feqy. Very 1S €quivalent
to Toymp scaled using (5), while zey: is @, of (4) and not
scaled. The original system (Fig. 2) models the HVAC cooling
as a Thevenin source with constant temperature 7; and variable
thermal resistance Rpqq.. To match the UESM framework, this
Thevenin source is converted into the Norton equivalent where
Rjyac is converted into R, using (7). The SOC domain circuit
for this VES is shown in Fig. 8.

The electrical domain for real energy storage consists of an
SOC-dependent voltage source and series impedance intrinsic
to the storage physics. The series impedance, in turn, defines the
transient response of the output voltage v, . for a change in load
current. For this VES, the transient response of v., primarily
depends on the implemented control system. As discussed in
Section II, temperature regulation and power filtering is con-
trolled by the dc/dc converter while the motor drive regulates the
dc-link capacitor voltage. The electrical domain circuit should
then represent the behavior of the voltage PI controller, which
outputs a command current ¢ based on the error between refer-
enced and measured voltage (e = v* — v). This is analogous to a
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current through an impedance between two voltage sources (i.e.,
e =1i-Z where Z~! = PI(s)). The voltage controller circuit
representation uses methods derived in [40], [41]. The electrical
domain for this VES thus consists of a voltage source with a
magnitude of the reference dc-link voltage and a parallel RL
impedance. R represents the inverse proportional gain and L
represents the inverse integral gain. This circuit representation is
shown in Fig. 8. In the case that the voltage controller parameters
do not change, the UESM component-states function outputs
constant values independent to the SOC.

The UESM discharge function handles the conversion be-
tween the electrical domain ., and SOC domain 7¢y. For HVAC-
based VES, i, is the heat transfer induced by the cooling system.
From (4), ig = —cpmT;, where i is a function of w,,, given
in (1) and is indirectly controlled by i.,. A steady-state equation
for .. as a function of the fan speed w gy, is derived below.

This work considers an HVAC system that uses a PMSM, but
other machine types can be used and requires deriving a new
discharge function to match the machine type. Detailed mod-
eling of machine dynamics, including reluctance and cogging
torque, is not the emphasis of this work as they provide little
benefit when considering the HVAC energy system. Therefore,
the widely used machine electrical and mechanical dynamics
are used, covered in textbooks such as [42].

The rotational dynamics of a cylindrical PMSM driving a fan
operating with no flux weakening (i.e., 7,4 = 0) is modeled as

J%T.Ufan = glmisq — kQ’w?an - BWfan
where J is the combined motor and fan rotational inertia, A,
is the PMSM flux linkage, i, is the g-axis current, and B
is the frictional loss coefficient of the motor [42]. Combining
the power-invarient rotating reference dgq-frame active power
equation P = vggi¢, (reduced from P = vg4isq + Vsgisq Since
iga = 0), inverter input power P = i.,vq4. and the steady-state
g-axis equivalent circuit voltage formula (15) yields the rela-
tion (16)

(14)

(15)

p .
Vsqg — Elmwfan + Rszsq

P
2
where R, is the stator resistance, p is the PMSM pole count, and
vge 18 the dc input voltage of the inverter. Solving (16) for 7.4
results in the quadratic equation

Rgiz, + (16)

A-mwfanisq = legVde

_Elmwfan + \/(%lmwfan)z +4RsiesVac
2R,

isq = (17)
Inserting (17) into (14) under steady-state conditions (%w fan =
0) and solving for 7., results in a quartic equation dependent on
only two time-varying components, w fq, and vg4., where wgqn
is present to the fourth order. For the VES UESM discharge
function, vg,. is assumed to be constant, thus the quartic equation
for i, is solely dependent on wy,y,, OF i.s = f(Wgan). Due to
the size of the quartic equation, it is omitted from this paper.
Solving for i¢ as a function of i, requires the inverse solution
to the quartic equation. Since solving such an equation is a
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Fig. 9.

time-intensive procedure, an inverse-function lookup table is
generated by evaluating i.s = f(wysan) for a range of wpan
values between 0 and the fan’s rated speed. This lookup table
serves as the UESM discharge function.

V. UNIVERSAL HYBRID ENERGY STORAGE MODEL

This section proposes a design-oriented universal hybrid
energy storage model (UHESM) that captures the characteristics
and dynamics of a dc-connected hybrid storage system. A hybrid
storage system consists of multiple energy storage types either
connected via power electronics or their terminals directly. It
should be emphasized that this work considers only hybrid
storage systems interfaced with dc/dc converters. Since the ma-
jority of storage devices utilize a dc connection, this constraint
does not inhibit the universality of the UHESM. Even storage
devices with “ac™ storage such as flywheels or pumped hydro
require a dc-interface to convert their variable frequencies to a
regulated frequency in the scenario of an ac-interfaced system
(e.g., ac/dc/ac conversion between storage and the grid) [24].
A dc-interfaced system, focused on in this work, at a minimum
only requires the rectification of the “ac” storage device to a
dc-link (e.g., ac/dc conversion between storage and distribution
bus). Modeling the ac/dc converter stage is compatible with the
UHESM, as was demonstrated for the VES in Section IV-C
where the ac/dc converter driving the HVAC motor is lumped
into the UESM.

There are a variety of hybrid storage topologies that exist to
represent these connection options, such as passive, active, and
semi-active [37], [38]. There are also a wide variety of dc/dc
power converter types to choose from. However, regardless of
converter type or system topology, a delay in energy transfer be-
tween the storage and load is introduced via converter impedance
and the control system. These characteristics influence the
response time and transients, i.e., the feasible bandwidth’s upper
frequency limit that the storage can filter and its stability.

!o,l
_’

The UHESM generic diagram. The number of UESM and power converter instances depend on the amount of energy storage devices of the HESS.

The dynamic commonalities among architectures are lever-
aged in the UHESM. Not only is it able to model a wide
variety of systems, it also aims to simplify early design stages
through generalization. While the system topology and converter
types impact dynamic characteristics, it is shown through the
UHESM that a crucial design stage can precede those decisions.
Rather than considering converter and topology details and
analyzing their impacts on bandwidth and stability, the UH-
ESM facilitates the approach of selecting energy storage types,
architecture requirements, and controls based on the required
bandwidths. Once this information is known, the generalized
parameters can be transformed to explore optimal converter
types and topology options.

The UHESM, shown in Fig. 9, is capable of representing a
wide variety of HESS regardless of the topology and power
electronic dc/dc converters being used. It consists of an arbitrary
number of parallel-connected energy storages optionally inter-
faced through power electronic converters. This is an extension
of the UESM presented in Section I1I, which can model any type
of energy storage device itself but does not include power elec-
tronics or topological configurations required for a hybrid stor-
age system. The UHESM aggregates multiple instances of the
UESM into a single model using a generalized converter/system
framework. The connection between each energy storage and the
systems output is modeled as a generalized converter interface;
however, it is shown how it can behave as if no converter was used
(such as in a passive topology). This development is discussed in
Section V-A. While the UHESM structure appears to match the
active topology, it is actually compatible with any of the HESS
topologies, further explored in Section V-B.

A. Generalized DC/DC Power Electronic Converter Model

The converter interface in the UHESM is shown in Fig. 10
with a conventional current controller feedback loop. Converter
modeling utilizes the switching averaging technique, which
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Fig. 10. Generalized dc/dc converter switching averaged model.

TABLE
CONVERTER PARAMETERS
Converter L M (d)
Buck ﬁg, for N interleaved converters %
Boost %, for N interleaved converters 1—d
Buck-boost Nic;g, for N interleaved converters 1%“1
No converter 0 1

transforms a switch module into dependent voltage and current
sources by averaging the multiple circuit states together [43].
The behavior of the two dependent sources is akin to a traditional
AC transformer, where the winding turns ratio is replaced by
the converter’s duty cycle. Thus, it is often referred to as a
“dc transformer™. This generalized converter model is primarily
based on the canonical model from [43], which includes how
the buck, boost, and buck-boost converters can be represented as
the same circuit with varying parameters. However, in [43], the
canonical model is linearized for small-signal analysis, whereas
Fig. 10 is nonlinear and for large-signal analysis. Additionally,
the canonical model has the inductor on the right side of the
“dc transformer”, whereas Fig. 10 has the inductor on the left
side. The inductor placement is different for conceptual reasons
and does not impact model behavior. The controller consists of
a low-pass filter to remove measured switching dynamics and
a PID function. Once properly tuned, it will closely follow the
reference output current * by adjusting the duty cycle d. How
d impacts the converter is topology-dependent and is contained
in the modulation function M (d).

In addition to the basic converters, this generalized dynamic
model can also represent interleaved converters and no converter.
Each possible converter is shown in Fig. 11 for readers’ compre-
hension, and their specific parameters are given in Table I. Only
acircuit diagram for an interleaved boost converter is shown, but
any of the other dc/dc converters can be interleaved in the same
manner. The control system is shared among the interleaved
converters, where the measured output current 7, in Fig. 10 is
the combined current of all N converters. Likewise, controller
output d is identical for each converter. For non-interleaved
converters, simply use N =1 for the parameters in Table I
The input and output capacitors are shared for the interleaved
converters and are thus impacted by N.
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Fig. 11. Various dc/dc converter topologies that the UHESM can represent.
(a) buck, (b) boost, (c) buck-boost, (d) interleaved boost converters.

The state-space (18)—(19) are used to model the generalized
dc/dc converter. Equation notation is for the UHESM of Fig. 9.
One circuit element states exist for each storage converter in-
stance n: the converter input current i; ,,, dependent on the
converter inductance L4, . The change in i, ,, is determined
by (18). A single output capacitor is shared among all storages of
the HESS, C,, and its voltage state is calculated using (19). Some
UESM instances may include a series inductance, such as the
presented supercapacitor Fig. 7. To avoid any KCL violations,
the UESM series inductance is added to L4, », and a single-state
equation is used.

d.
de,.'n Eﬁl,n = Vean — voMp (d) (18)
d N
OOEUO = nzﬂzo,n — Yoad (19)

B. UHESM Topology Agnosticism

The different hybrid storage system topologies that the UH-
ESM is capable of modeling are shown in Fig. 12. Each con-
figuration and the UHESM parameter relations are discussed
below.

1) Active: The UHESM is equivalent to the active topology
when the circuit parameters and controls of each converter are
independent. For a two-storage active configuration, shown in
Fig. 12(a), these UHESM relations apply: M;(d) # Ma(d),
L, # Ly, Cy # Co.

2) Semi-Active: The UHESM is equivalent to the semi-active
topology when one converter is nulled using the parameters
given in Table I. For a two-storage active configuration, shown in
Fig. 12(b), these UHESM relations apply: M; (d) # Ma(d) =0,
Li#Ly=0,C; #Cy=0.
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Fig. 12. The HESS topologies that the UHESM can represent. The configura-

tions shown are (a) active, (b) semi-active, (c) passive without power electronics,
(d) passive with power electronics.

3) Passive Without a Converter: The UHESM is equivalent
to the passive topology without power converters when all
converters are nulled using the parameters given in Table I. For a
two-storage passive configuration without converters, shown in
Fig. 12(c), these UHESM relations apply: M; (d) = M3(d) =0,
Li=Ly=0,C,=Cy=0.

4) Passive With a Converter: The UHESM is equivalent to
the passive topology with power converters when the circuit
parameters and controls of each converter are shared. For a
two-storage passive configuration with converters, shown in
Fig. 12(d), these UHESM relations apply: M;(d) = Mx(d),
Ly = Ly, Cy = Cs, and i, = 10,1 + 10,2 Where i, is fed into
the current controller.

VI. UHESM DEMONSTRATION AND VALIDATION

Typical switching models are fully validated with hardware
in many literature and are trustworthy. This section validates the
proposed UHESM (Fig. 9) and the UESM (Fig. 4) emphasizing
the HVAC VES by comparing it to an equivalent switching
model discussed in Section II, while integrated battery, superca-
pacitor, and power electronics are also included. While the bat-
tery and supercapacitor UESM implementations are very similar
to the adapted equivalent circuit models, a comparison of the bat-
tery and supercapacitor UESM’s is included for completeness.
An overview of the system and simulation used to demonstrate
the UHESM is given first. All models and comparisons for this
paper are built and performed using PLECS software.

A. Simulation Overview

The hybrid energy storage system used to demonstrate the
UHESM consists of three energy storage devices: battery, su-
percapacitor, and HVAC VES. Each of them is modeled using
the UESM of Section IIT and connected together via power
electronics. The parameters used in the simulations for a Li-ion
battery, supercapacitor, and HVAC VES come from [5], [17],
and [2], respectively. The battery module is a single cell, and the

TABLEII
HYBRID ENERGY STORAGE SYSTEM MODEL PARAMETERS

Device Model parameters

Battery Csoc = 7920F
(S0OC Domain)

Battery N; =474, Ny, =6

(Electrical Domain)
Supercapacitor

Csoc,0 = 3348F,

(SOC Domain) Csoc,1 = 585.9F, R, = 3.52kQ,
Ry = 0.10859, C; = 428.2F,
Rg = 7.75002, C3 = 464.6F

Supercapacitor Ns =18, Np =1, R = 6.625mf2,

(Electrical Domain) Ra =2.4m0), Ca = 28.4F,

Les = 404nH

HVAC VES Csoc = LAME, Rez; = 2.5mi}
(SOC Domain) Vext = —4.5V, 1eze = 11.5KA
HVAC VES Ry =211, Ly = 10H,
(Electrical Domain) Les = 1mH
Buck N=1,L"=1mH,
fsw = 10kHz
Interleaved Boost N=2,L"=10mH,
fsw = 10kHz
Buck-boost N=1,L"=10mH,
fsw = 10kHz
dc-bus capacitor C =100 uF

Voltage Regulator
Filters

kp = 0.0628, k; = 0.03
Go,1 = 1, w1 = 2m - 1.1 mrad/s,
Go,2 = 0.5, wp = 27 - 5mrad/s
we = 2w - 2.5krad/s, kp = 0.013, k; = 15.791

Current Controller

supercapacitor module has 18 cells in series. For each storage
device, modules are connected in parallel and stacked in series to
achieve the desired voltage and capacities. The original HVAC
system in [5] is scaled down to match the PMSM power rating
of 15 kW and building’s volume and heat gain are scaled propor-
tionally to maintain the same rate of heat gain when the HVAC is
off. The building’s external temperature 7., and heat gain Qg
are for peak temperatures of a hot summer day, thus providing
a conservative scenario for the presented ES metrics. Table II
provides the system parameters necessary for the simulations
and validation. Battery electrical-domain circuit elements are
omitted from Table II but can be found in [5].

To demonstrate the capability of the UHESM to model dif-
ferent dc/dc converters, the battery is interfaced with the dc bus
through a buck converter (Fig. 11(a)), the supercapacitor through
two interleaved boost converters (Fig. 11(d)), and the HVAC
VES through a buck-boost converter (Fig. 11(c)). This results in
a hybrid storage active topology, visualized in Fig. 12(a). Each
converter utilizes the same current controller shown in Fig. 10
with parameters given in Table II.

Second-order Butterworth low-pass filters Fy,(s) (20) are
used to split the reference current output of the dc bus voltage
regulator among the three energy storage devices. The battery
handles the low-frequency component of the load, with filter
denoted as Fyqt(s) = Fi(s) with corner frequency wy and dc
gain Gy 1. Due to the limited storage capacity of the HVAC
VES, only a portion of the middle frequencies are supplied by
the VES. Its filter is given as F,..(s) = (1 — F;(s))F5(s) with
corner frequency w9 and dc gain G 2. The remaining middle fre-
quencies and high frequencies are handled by the supercapacitor,
with filter Fe.(s) =1 — Fy(s) — Fa(s). The voltage regulator
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Fig.13. UHESM model waveforms from simulation. The power profiles of the

system load and each energy storage device is given in (a), the dc bus voltage in
(b), the SOC of each storage device in (c), and building temperature and HVAC
fan speed in (d).

and filter parameters are given in Table II.

GO,n

) = e+ Ve 11

The UHESM is demonstrated through a 30-minute simulation
using a load profile based on solar PV power generation. As this
hybrid system and load profile is just for demonstration, the
parameters and load profile are not meant to be representative
of an optimized, real system. The load profile is provided in
Fig. 13(a) along with the power waveforms for each energy
storage device. Note that HVAC power profile is always negative
as the HVAC is a unidirectional load in practice. However, it ef-
fectively serves in a bidirectional manner for a given bandwidth
due to the constant dc-load also shown in Fig. 13(a). In addition
to maintaining nominal temperatures using the HVAC, the HESS
regulates the dc bus voltage connected to the load. Fig. 13(b)
shows the dc bus voltage throughout the simulation. The SOC of

(20)
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Fig. 14. Comparison between the switching-averaged model waveforms of
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Fig.15. UESM modeling errors for HVAC VES compared to switching model.

each energy storage device throughout the simulation is plotted
in Fig. 13(c). While the SOC of the HVAC VES is directly
proportional to the building’s temperature T}, it is provided in
Fig. 13(d) accompanied by the HVAC fan speed wyqn,.

B. UHESM and Switching Model Comparison

The UHESM utilizes switching-averaged modeling for the
dc/dc converters. As this approach is widely used in literature
and validated, only a brief comparison between the UHESM and
a switching model is given. As the name implies, the switching
states of the converters are averaged to create continuous voltage
and current waveforms. This removes the switching ripples
inherent to a power electronic converter. However, the averaged
model preserves most other transients with frequencies lower
than the switching frequency. This can be observed in Fig. 16,
which compares the UHESM (Fig. 9) and switching models sim-
ulated dc bus voltage v, and the output current of the interleaved
boost converter i, 3 connected to a supercapacitor. In Fig. 14(a),
it is shown the equality of v, of the switching simulation’s
periodic average compared to that of the UHESM. A similar
equality is observed in Fig. 14(b) for i, 3. This demonstrates that
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Fig. 16. Simulation plots comparing the UESM and original equivalent circuit

models for the battery and supercapacitor. (a) Compares the output voltage and
current of both models for the battery. (b) Compares the output voltage and
current of both models for the supercapacitor. (c) Compares the SOC of both
models for both battery and supercapacitor.

while converter switching transients are a vital consideration in
converter design, they have little impact on the system dynamics.

The advantage of the UHESM over switching models is
similar to conventional switching-averaged dynamic models.
Simulating the equivalent switching model of this system in-
volves multiple switching states per converter, with a simulation
period Ty, sufficiently small to capture switching dynamics
(i.e., Toim < fo,}). Simulations at this granularity become un-
reasonable for long-duration studies (such as the 30-min demon-
stration of Fig. 13), especially when integrated within a design
process that involves many simulation iterations. The compu-
tational complexity only increases with switching frequency or
the number of converters used in the system. While conventional
dynamic models avoid the increased complexity from switching
frequency, the UHESM also avoids increased complexity caused
by the number of converters in the system. Combining N inter-
leaved converter circuit and control states into a single dynamic
converter model requires less computation. Additionally, any
change in the architecture is achieved by simply adjusting the
UHESM input parameters rather than modifying the simulation
model.

C. HVAC-Based VES UESM Model Validation

The VES UESM shown in Fig. 8 connects to the switching
averaged-equivalent dc/dc converter of the switching model
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shown in Fig. 2. The SOC domain circuit is mathematically
equivalent to the thermal circuit in the switching model and
thus behaves identically. The primary difference between the
two models is the implementation of the inverter and motor.
The UESM abstracts away the inverter by using a circuit rep-
resentation of the voltage PI controller realized by the inverter,
while the motor is part of the UESM discharge function fg(-).
This approach means that within the UESM there is no direct
feedback between the motor and the dc-link voltage regulator
nor electrical or mechanical transients. While this does introduce
amodeling error, the impact is minimal. Additionally, no dc-link
capacitor is modeled in the UHESM. As this capacitor’s primary
purpose is to filter switching ripples, it is not necessary in the
dynamic model.

Fig. 15 compares the VES waveforms of the UESM and
switching model from a 30-min simulation. The VES filters
the power signal Pjoqq shown in Fig. 13(a). The largest error
between models appears in the output power P, with a max
absolute error (MAE) of 2.43%. However, the power error does
not accumulate as fast, as the energy E,,.. MAE throughout the
simulation is only 0.31%. The MAE error for vge, Wsan, and
Ty are 0.14%, 0.40%, and 0.08%, respectively. These results
demonstrate that the UESM can simulate the behavior of the
HVAC-based VES to a high degree of accuracy, with the benefit
of running much faster.

D. Battery and Supercapacitor UESM Model Comparisons

The same simulation scenario discussed in Section VI-A is
repeated but with the original battery and supercapacitor equiv-
alent circuit models from [5] and [17] that the UESM models
adapt from. Results from this new simulation validate the battery
and supercapacitor UESM.

The only difference between the battery UESM (Fig. 5)
and the equivalent circuit model in [5] is the scaling of the
SOC domain circuit components. The scaling in the UESM
normalizes the SOC domain’s voltage so that vy, represents the
SOC of the storage device. However, this normalization does
not mathematically alter the behavior of the model. Therefore,
the battery UESM behaves identically to the model in [5]. This
is demonstrated in Fig. 16(a), comparing the output voltage and
current of the two models, which correspond to a snapshot of the
simulation results of Fig. 13. From Fig. 16(a), there is a perfect
overlap between the signals of the two models. Fig. 16(c) shows
that the SOC of both battery models also matches.

Unlike the battery UESM adaptation of [5], the supercapacitor
UESM (Fig. 7) requires some alteration of the equivalent circuit
model in [17] (Fig. 6), as was discussed in Section IV-B. In
addition to the circuit component scaling for the SOC domain,
R, in Fig. 6 is also moved to be in parallel with Cyc. While this
changes the equivalent circuit topology, the UESM accuracy
is negligibly impacted. This is observed in Fig. 16(b) for the
supercapacitor’s output voltage and current and Fig. 16(c) for
the SOC. The reason for no difference between the two models
is mainly due to the magnitude of R, compared to R, in Fig. 6. If
R, were asmaller value, resulting in a faster self-discharge of the
supercapacitor, more error would occur. Additionally, the value
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of R, from [17] was identified for the specific circuit topology.
It is safe to assume that if the supercapacitor UESM parameters
were directly identified from application data, any possible error
from the circuit topology and location of R, in the UESM would
be mitigated.

VII. CoNCLUSION AND FUTURE WORK

A universal hybrid energy storage model is proposed in this
paper that is capable of modeling many types of real and virtual
energy storage connected via power electronics. The UHESM
consists of a universal representation of energy storage devices,
utilizing common elements of energy storage equivalent circuit
models and separating storage mechanics from electrical dynam-
ics, in addition to a generalized dc/dc converter model. Design
exploration and analysis simplifies with the unified modeling
theory for power electronic connected energy storages, where
design modification simply requires a change in input parame-
ters to the UHESM rather than simulation model development.
The modeling theory for both storage and power converters is
covered. It is shown how the proposed model is compatible
with HVAC-based virtual energy storage and validates its per-
formance by comparing it to a switching model. Further, the
UHESM’s ability to model various interleaved dc/dc converters
is compared to switching models.

Future work will explore how the UHESM framework can
aid in designing and analyzing hybrid energy storage systems.
Given the modularity and generalization of the framework, it is
expected to be compatible with a top-down design methodology
that begins with system specifications and sequentially selects
optimal system architecture, energy storage types, converter
requirements, hybrid system controls, and other design details.
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