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Battery System Development Workflow

Electrification is driving the use of batteries for a range of applications,
including electric vehicles (e.g., cars, buses), ships, electric aircraft, grid-
tied energy storage systems, and photovoltaic systems. These
applications have different requirements for battery system design in
terms of cell selection, power/energy density, volume, weight, and
lifetime.

Simulation of the battery system design before testing provides insight
into the dynamic behaviour of the battery pack. It also lets you:

o Explore and compare software algorithms.
« Expand operational test cases.

« Shorten the technology development cycle from battery cell to battery
system.

The workflow for battery system development begins with building the
battery cell. Five major tasks build a bridge from battery cell design to a
battery system. Those steps include:

« Battery pack design

o Electrical and thermal battery pack component design

o Battery management system (BMS) algorithm development
o Integrating components to run desktop simulations

« Hardware-in-the-loop (HIL) testing and deployment

Building a bridge between battery cell and battery system.

Using Simulink® and Simscape™, the battery system development
workflow begins with integration of the system components so that you
can perform desktop simulation to validate the component designs and
algorithms (see Desktop Simulation). The next step is real-time
simulation of models using rapid prototyping and hardware-in-the-loop
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testing (see Real-Time Simulation of Battery Systems). The final stages of

development involve hardware implementation, deployment, and testing

(see Hardware Implementation).
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Battery system development workflow with Simulink and Simscape.

Battery Pack Design

Using the Simscape Battery™ application programming interface (API) in
MATLAB®, you can design a battery pack. Foundational elements of the
design include cell design, parallel assembly, module, module assembly,

and battery pack design.
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Battery pack design from cell to pack.
Using Simscape Battery, you can:
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o Model electrothermal behaviour and include charge dynamics, aging,
thermal, and heat transfer effects in battery cell models.

« Parameterize cells based on manufacturer data sheets.

« Build and visualize battery models with different geometries and
topologies, from cell to module and from module to pack.

« Model cooling plates with customizable fluid paths and thermal
connections to the battery pack.

o Explore cell-to-cell temperature variation and measure cooling
efficiency.

o Generate a custom Simulink library model for your battery pack
design.

« Set a suitable model resolution to strike a balance between model
fidelity and simulation speed.

Battery Thermal Management System

Engineers can use MATLAB and Simulink to design a battery thermal
management system to regulate battery pack temperature within
specifications and ensure it delivers optimal performance for a variety of
operating conditions.

]
Signal E<tficelivadel +

AmbientTemperature f—+ 300 | Amb
[Flo) >« FlowRateCommand —_— AT

CoolantTemperature [ 300 | Coolant T =

=8
E<"' FlowTemperature
5 CellTemperature [t Tmax  Tcells
If(x) = G -
Battery Coolant Control @ E‘""CQ"MM%
Solver <t vraralieldgsembly
Configuration; I Pack

H
kg/s  Signal _f
B
Lohd 5 — =
v B

54 i PackCooling

<
=

, A
M
Flow

current(A)

Thermal analysis comparison of a new and aged lithium-ion battery using
Simscape Battery.


https://uk.mathworks.com/campaigns/offers/next/battery-systems-white-paper/_jcr_content/mainParsys/band_2102914970_copy/mainParsys/lockedsubnav/mainParsys/image_178634591.adapt.full.medium.jpg/1680614835929.jpg
https://uk.mathworks.com/campaigns/offers/next/battery-systems-white-paper/_jcr_content/mainParsys/band_2102914970_copy/mainParsys/lockedsubnav/mainParsys/image_178634591.adapt.full.medium.jpg/1680614835929.jpg

v Capture Battery Thermal Behavior

Using Simscape and Simscape Battery, you can create madels starting at the battery call level and
then add ambient temperature effects, thermal Interface materlals, and cooling plate connections to
create a more representative model. Heat transfer can be considered from cell-to-cell, cell-to-plate,
and celltc-environment perspectives by defining the thermal paths to the ambient, the coolant, and
the location of the cooling plate. Simscape Battery provides prebullt cooling plate blocks that support
different flow configurations, including parallel channels, U-shaped rectangular channels, and edge

cooling.
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A pack-level thermal model can be bullt by assembling cells into modules with thermal effects and
arranging modules inside a pack. You can perferm thermal performance analysis on battery packs
with different levels of aging to meet warranty cntena at end-of-ife (EOL) time.
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v Model Cooling/Heating Systems

You can use Simscape and Simscapa Fluds™ blecks in gas, liquid, and thermal domains to model
active, pessive, or hybrid coolingeating solutions. You can also explore coolings heating system
architectures by drawing schematics to place pipes, valves, haat exchangers, and tanks.

In the case of a liguid leop systern, you can model an expansion tank that keeps resenve fluid; cold
plates that channel the working fluid near the battery cells; a moter-driven eirculation system with the
purnip, flow path, and valves; and different types of heat exchangers such as wired heaters or
rediators.

After you hawe created & model of the cooling/heating systerm, you can run simulaticns, refine the
design by exploring component sizing and systern pararmeters, and satisfy requirements such as
heat diszipation and power consurnplicn.
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“ Design Controls for Battery Thermal Management

Simubink rmakes it easy to design closad-loop controls that combine feedforward and P10 techniques
for circulation system contrels—sauch as feed stream (valve) control, mass flow {pump) control, and
heat exchange path selection control. With Simacepe Battery, you can use prebuilt blocks, such as
Battery Coolant Control and Battery Heater Contral, 1o build kattery thermnal managernent contnel
algorithrnz. With Stateflow”, you can also design supervisony cantrol logie for switching Betweesn
diffarent aperating modes—auch ag heating versus coaling—based on the environrmental temperature
and the battery temperature,

oo T L'..-_.'._,_r "
o

A

O - =
[~
Fusiien T
l::a—ll'l i
¥ e Fap L] r T |
L Pl
_— =
Fea® gmiwrson i
= LR |
BT
Flowras_vec

I:I.—I-_:— ﬂ_—@
S wEs

— g

A Simulink miodel of 8 coolant control 2ystem that caleulates
the flow rate bazed on ternperatures among the battery cells ag
well as the amblent temperature.




Battery Management System Algorithms

A well-designed battery management system (BMS) ensures maximum
performance, safe operation, and optimal lifespan under diverse charge-
discharge and environmental conditions. Simulink and Simscape enable
you to gain insight into the dynamic behaviour of the battery pack,
explore software architectures, test operational cases, and begin
hardware testing early, reducing design errors. Engineers can use built-in
BMS control blocks in Simscape Battery to evaluate the designed battery
pack performance, develop a thermal management system, and run
system-level simulations.

To meet these objectives, the BMS consists of algorithms that control the
behaviour and performance of the battery pack.
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~ Estimating State of Charge

Accurate battery models are vital in the developrment of algorithms for state-of-charge (30C)
estimation. Traditional approgches to 30C estimation, such as open-circuit voltage (O£
rieasurement and current integration {Coulomb counting), are reasonably eccurate in some cages.
Hawiaver, estirnating the S0C for modam battery chamistries that hawve flat 0CV-500C discharge
edgnetures reguires & different approach. The extended Kalman filter (EKF) and unscented Kalman
filter (LIKF) are approaches that have been shown to provide accurate results for a reasonable
computatienal effort

Simacepe Battery contains three 500 Estimators: Coulomb counting, adaptive Kalman filter, and
Kalman filter. Compared to the Kelmen filter 20C estimator, the adaptive Kalman filtar 500 estimator
hes terminal resistance as an additional state. Both the adaptive Kalman filter S0C estimetor and the
Kalman filter S0C astimator heve the opticns to select EKF or UKF to develop an obaerser for
estimating 50C. Such observers typically include a medel of the nonlinear system of interest (the
biattery), which uges the current and valtage mezsurad from the cell &e inputs, as well a8 & recursive
algorthrn that calculates the intemal states of the systern (S0C armong them) based on a two-step
prediction/update procass.
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Regl 30C and estirmated S0C using EKF from Simacape Battery,

In contrast to & Kalmean filker, uzing a neural network to develop an S0C estimator does not reguire
extensive informnation about the battery or its nonlinear behavior. Instead, the network (= trained with
current, woltege, and ternperature deta end 300 ag a response.
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“  Estimating State of Health

All batteries, incheding those thet mest performance specifications at time of manufacture, degrade
over time due to calendar life and cycling, suffering & gradual lass in regerve capacity and an
increase in intermnal resistence. While the latter is relatively straightforssard to estimate using shaort
time rmeasurements, the former requires & full charge or discharge excurséen for an accurate
calculation, which i not ahways practical. This chellenge hes led to growing interest in state-of-health
(S0H) estimetion as well a8 the development of adaptive Kalman filter feemulations asgmented to
inzlude battery parameters in addition to states. An accurate estimation of the instentanecus internal
resistance is very halpful for the BMS to establish power limitations,
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Battery S0H estimetion using an adaptive Kalman filter in
Simscape Battery.

S0H estimation is more subjective than S0C estimation; there is no universal agreement on how S0H
is to be defined. As a result, each organization may have its own specific method for guantifying an
S0H estimate, making It impossible to use general-purpose, off-tha-shalf sclutions. Using Simulink
and Simscepe, you can develop and simulate custam S0H estimation algerithms that are in line with

your erganization's specific interpratation of battery health.
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v Cell Balancing, Battery Charging, and Battery Monitoring

Simaceape Battery provides prebailt library blocks for cell balancing, bettery chenging, and battery
protection.

Cell balancing capabilities keep a similer S3C in all cellz by dissipating the excess charge through a
bleed resistor. Balancing & necessary to prolong the life of cells that can be damaged by evercharge
or discharge. Multiple cells improve capacity when cells are balanced.
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Cell balancing in Simscape Battery as a function of S0C and
time.

Battery charging Is controlled with a constant-current/constant-voltage (CC-CV) algorithmm. This is &
comiman approach that maintains battery life by preventing overcurrent and overvoltage when
charging. Current iz limited during chearging until a preset voltage is reached.

Battery charge ve. time using a CC-CV algarithm in Simscape

Battery.
Frotecting the batteny requires monitoring cument, woltege, and temperature. Simscape Battery
provides blecks that you can incorporate into your BMS algorithms.
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Desktop Simulation

Desktop simulation in Simulink enable you to verify functional aspects of
the battery system design. On the desktop, the battery system,
environment, and algorithms are simulated using behavioural models. For
example, you can explore active versus passive cell balancing
configurations and algorithms to evaluate the suitability of each balancing
approach for a given application. You can use desktop simulation to
explore new design ideas and test multiple system architectures before
committing to a hardware prototype. You can also perform requirements
testing in desktop simulations; for example, you can verify that
contactors are prevented from opening or closing when an isolation fault
is detected.

w  Modeling BMS Software

The ability to perferm the realistic simulatiens that are central to the development of BMS control
softwars starts with an accurate model of the bettery pack. Batteries are often designed using finite
element analysis (FEA) models that account for the physical configuration of the batteries and
capture their electrothermochemical properties. Although thess models are excellent for designing
and optimizing a battery peck's chemistry end geometry, control engineers need models that are
better suited for system-level design and software dewelopment.

12



~  Modeling and Characterizing the Battery Cell

When developing BMS algorithms in Simulink, you can use equivalent circuits to simulate the
thesmaoelectric behavior of the battery cell. The eguivalent circuit typically comprizes a voltage
gource, a senles resistance, and one of more resistor-capaciter pairs in parallel. The voltage source
provides the apen cincuit voltege while the other components model the internal resistance and time-
dependent behavior of the cell. These equivalent circuit elements are, in general, termnperature and
state-of-charge [$00) dependant. Because these depandencies are unigue to each battery's
chemiatry, they need to be determined using measurements performed on battery cells of the same
type as those for which the contreller is being designed. You can use aptimizations in Simulink and
MATLAE to parametesize an equivalent circult wie model correlation with expenimental data (9:54).
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»  Modeling the Power Electronics and Pagsive Componants

in addition 1o the battery pack rmodel, reglistic bettery systern simulations reguire accurate models of
the circuit components connecting the bettery systern to the pawer source end load. Simscape
Electrical, an edd-on product for Simulink, provides complete libreries of the active and passive
electrical companents needed to assemble & complete battery systern circult, such as the analog
frart end for cell balancing. The charging sowee can consiat of & DC supply, such as & photoveltaic
(FW) aystarn, or an AC source, for which the cumrent is rectified.

System-level simulation with Simulink and Sirmscape lets you construct & sophisticated charging
gource around the battery and validate the battery system under various operating ranges and fault
conditions. The bettery pack loed can be similarly modeled and simulated. For example, the battery
pack may be connacted through an inverter to & permanent magnet synchronous motor (FMSK) in
an electric wehicle (EV). With simulatien, you can vary the speration of the EV through drive cycles
and evaluate the effectivenazs of the BMS in changing operating conditions.
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“» Testing with Desktop Simulation

When you incorporate desktop simulation into your testing precedures, you can euthor and execute
test cases 1o exencise the battery systern along all possible branches of logle and closed-leop control
—a leval of coverage rarely evailable when testing with herdwiare, With this approach, the simulation
rodel serves as an executable specification driving the design and testing of the battery systam.
Simulink suppoarts tasting via desktop simulation with a range of features thet enable you to:

= Incorporate requirements, such as limits, tolerances, logical checks, and temporal conditicns, into
the model with traceability to the ariginal specifications

= Construct complex sequences of simulation-based tests to perform functional, beseline,
equivalence, and beck-to-beck testing

= Treck industry-standard metrics such as decision, condition, and maodified condition/decisian
coverage (ME/DC), as well &= relational boundary coverage

= Generate test inputs to achieve complete model coverage and custom objectives

= Lsze fermal metheds to identify hidden design errors that result in integer overflow, dead lagic, and
diwision by zero
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BMS algorithms and plant dynamics, including battery pack, contactor, inverter, and charger, modeled in
Simulink.

Real-Time Simulation of Battery Systems

Once validated via desktop simulation, Simulink models can be used to
generate C and HDL code for rapid prototyping (RP) or hardware-in-the-

14



loop (HIL) testing to further validate the BMS algorithms in real time.
With RP, instead of handwriting control software code for real-time
testing, you generate code from your controller model and deploy it to a
real-time computer that performs the functions of the production
microcontroller. With automatic code generation, algorithm changes made
in the model can be tested on real-time hardware in hours rather than
days. Further, you can interact with real-time control hardware from
within Simulink to change algorithm parameters and log test data.

As with rapid prototyping, HIL testing involves generating code from a
Simulink model and deploying it to a real-time computer. In the case of
HIL testing, code is generated from the battery system models rather
than the control algorithm models, providing a virtual real-time
environment that represents battery pack, active and passive circuit
elements, loads, charger, and other system components. This virtual
environment lets you validate the functionality of the BMS controller in
real time before developing a hardware prototype and in an environment
where hardware will not be damaged.

Tests developed during desktop simulation can be carried over to HIL
testing to ensure that requirements are met as the BMS design
progresses. Though HIL testing is employed primarily to test code running
on a microcontroller or FPGA, you can instead use a rapid prototyping
system, such as Simulink Real-Time™and Speedgoat® target hardware,
and connect it to the HIL setup before production controller hardware is
selected.

15
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v Valldating BMS Software

Real-time simulation—encompassing both rapid prototyping and HIL testing—provides power
electranics control engineers with additional insights into how a BMS design will perform on
hardware. In both RP and HIL, the objective is to emulate in hardware one aspect of the overall
design: the BMS controller in RP and the balance of the battery system In HIL. Real-time simulation
offers several significant advantages in 8MS design, letting you

= Conduct RP 10 start validating algorithms before the final controlier hardware is selected
+ Exploit the flaxibility of a real-time test system for rapid design ieration and testing.

+ Conduct HIL testing before the battery system prototype hardware Is available.

* Use a combination of RP and HIL testing to exercise BMS algonithms for test cases that may be
difficult, expensive, or destructive if you were to use the actual hardware.

Hardware-in-the-loop (HIL) testing of battery management
system software. The BMS code Is generated from BMS
algorithms modeled in Simulink and deployed to a Texas
Instruments® C2000 microcontrolier. The plant model (battery
pack, contactor, mvertes, charger) I modeled in Simulink. Cade
18 generated and deployed 10 run on Speedgeat real-time

machine with battery emulator

By reusing desktop simulation madels in Simulink to generate code for real-time simulation, you can
shorten overall development time. You can generate C/C++ and HDL code that executes on
computers optimized for real-time performance. Code generated from Simulink models for real-time
simulations includes interfaces that enable you to adjust control parameters while the real-time
simulation Is running.

16



~  Performing Rapld Prototyping

During hardware testing, making chenges to controller code can cause delays and edditional risks.
hodifying the code by hand, recomgiling it, and degloying it to the microcentroller or FPGA takes
tirme—potentiglly a long time if you are a control algorithm developer who relies on a software or
hardware engineer to make the changes. Depending on the axtent of the changes required, you alza
rizk intreducing new problems inte the implemented code.

Instesd of handwriting code updates to controller seftware, you can use Simulink to generate code
that executas in real ime on g dediceted computar and wses high-zpeed /0 1o communicate with

test hardware. In addition to eliminating manual coding and its essociated delays, enother advantege

of this BF epproach is that you can validate changes to the BMS software by running the simulation
riodel on the desktop first to verify that no other problems were introduced.

“  Testing with Hardware-in-the-Loop

Because hardware prototypes for a bettery system can take considerable effort 1o build and modify,
and because they are often costly to repair, it is not always feasible to test such prototypes against
the electrical system in which the battery pack will operate. Given these limitations, even small
design changes cen threaten development schedules, and BMS designs tend to evaolve slowly
becauze teams conglder radical departures from the previous desion as too risky.

With Simaldink, you can generate CFCH+ and HOL code from the moedel of the hardware in your battery

eystern and the greater eystern of which it i= part, inzluding the supply and the lead. Once you deploy
thie code to a realtime computer, you are sble to run real-time simulations of the herdwars against
your canfraller code before testing the controller in & battery system prototype. As a result, you can
find and comrect contrel design errors before they potentially demage expensive and difficult-to-
replace prototype hardware. You cen also uncover hardwere design emors, such as incomect
component sizing.

Meny HIL realtime systemas, including Speedgoat target hardware, iIncorporate battery emulators,
letting you emulate porteble battery power supplies, emulate battery stacks for electric vehicles, or
gink currant to simulate battenies under charge.

Hardware Implementation

In the hardware implementation stage, the Simulink control models that

have been verified via desktop simulation, RP, and HIL are used to

generate efficient, production-ready code for the BMS. If necessary,

production code generation can be incorporated into workflows compliant
with formal certification standards used in the automotive, aerospace, and

other regulated industries.

17



»  Production-Ready Code Generation

Simulink generates readable, comgect, and afficient C/Ce+ and HDL code from corntroller models
that is ready for implementation on production microcontrollers, FRGAS, and ASICs. Unlike code
generated for RE code generated for produection use does not include the extra interfaces needed 1o
supprt resl-ime monitoring, pararmeter tuning, and data logging. Optimization settings enable you to
precizaly cantral the generated functions, files, and data 1o improve code efficiency and fecilitate

integration with legacy code, date types, and calibration parameters.

~ Performing Processor-In-the-Loop Simulations

In procesgod-in-the-loog (FIL) simulation, the CAC++ or HOL code rung an the microcantraller or FRGA
while the device is stepping in execution with a Simulink model of the BMS hardware, limiting the risk
of damaging a herdware prototype during initial evaluations of the BMS code, Although FIL
simuletions are not executed inreal time, they ere bit-true, enabling you to verify your code under a
renge of conditions and build confidence that it will execute properly ence deployved on the resl

gystam.

Explore Simscape Battery
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“  Generating Preduction Code

Desktop simulation, BF HIL and FIL simuletions gll enable you to verify and validate the control
alganthrmz for the BMS. With Simulink, you can use those same algorithms as the basis for
generating production-ready code—either optimized end stable C/Cs+ code for implermentation on
micrecontredlers or synthesizable HOL code for FRGA programming or ASIC implementation.
Autsmatic code genaration eliminates meanual algaorithm translation errors and produces CfCe+ and
HOL eade with nurmerical equivalence to the algonthms you validated in Sirmulink. By simulating your
control alganthms aver gll possible operating and fault conditions, you increese confidence that the
generated code will handle those same conditions in the real system, even if you are unable 1o test
for all of thern. If hardware tests later indicate that algorthm changes ere needed, you can simply
rmiodify the elgorithms in your model, rerun simulation test cases 1o verify the comactness of the
changes, and generate new, updated coda. All generated C/C++ and HOL code is fully portable,
optimizakle with a range of opticns, and bidirectionglly traceakde to the Sirmulink model.

@ Web Browser - BMS_Scftware, Golden Code Generation Report

BMS_Software_Golden Code Generation Report

O @ W Loation flel/(C

. Scftware Gobden,

Contents

BMS Algorithms
[t oeems
e
[Cell_Voitages) : Call_Voltagos
s
e
SOC_SOH_Estmation
[Current] > Current
[Cell_Voltages)] ot Votagee Current_Limes [Current_Limits]
[Tl 5o
(e _S—peee e »< o oz
L |
I [SOHs] P S0t
Current_Power_Limits_Calc
(Cell_Voltages) Coll_Voitages Balancing_Enatie
o o> plcet
——
k _Status] > , St
[ _Status] > Stotus uus_a-
State_Machne
[ fo e
I8 _Enable] >  Enatie
Bauancing_ lancing_C
Charger_Ste
[inveeter_ State] Inverter_State
Batancing_Logic

11 Main file
erl_maing
=1 Model files

=1 Shared files (3)

/* Model step function */
void B5_Software_Golden_step(Cellvoltages Cell Vo
reald2_t *ChargeCurrentReq, Currentiinits *Curre
reald2 T ‘EalSu2, real32 T ‘Salsud)

resld2 T ex;
real T serev[3);

/* Copy wolwe for root inpert “cNoot>/Cell ¥elto
845 _Scftuace_Golden_u.Cell_Voltages = Cell_Volta

¢* Copy valuve for root (nport '
B%5_Software_Golden_U.enCharging =

enChargin,
enCharging;

A (((wint32_T)ms_Software_Golden OM.temporalCe
84%5_Softuare_Golden_OW. temporsiCounter {1 = (u
B45_Software_Golden DW.temporalCounter_I1) +

¥

* Gotewsy: BMS_toglc */
* puring: 8MS_togic *,
AF (({wint22_T)MS_Softwere_Golden Oh.is_sctive_
{
* Emtry: BNS_toglc */

845_Softwere_Go

Automatically generated BMS production code from BMS algorithms modeled in Simulink. The code is deployed to a Texas

Instruments C2000 microcontroller.
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For more information

CES

DESIGN A MODEL A SIMULATE

sales@cesimulations.com

P 4

+971 (4) 427 3663
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