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Key Takeaways
-  Simplify control development for power electronics using Simscape Electrical
and Speedgoat hardware

- Automatically generate C and HDL code for plant simulations and production
code from Simulink and Simscape Electrical

= Use hardware-in-the-loop to test normal operation and fault conditions such as
Fault-Ride Through
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Simulink and Speedgoat are a common platform f

control design and testing

Generate code
for the plant

Design and optimize
controls using electrical
systems simulation
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About Speedgoat

« A MathWorks associate company, incorporated in 2006
by former MathWorks employees. Headquarters in
Switzerland, with subsidiaries in the USA and Germany

= Provider of real-time target computers, expressly
designed for use with Simulink

- Real-time core team of around 200 people within
MathWorks and Speedgoat. Closely working with the
entire MathWorks organization employing around 5,000
people worldwide
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What is Our Goal?

« Primary goal is to design power electronics hardware and controllers

Hardware (Plant)

Controller




What is Our Goal?

« Primary goal is to design power electronics hardware and controllers
— Hardware in the loop (HIL) testing can improve this process

Hardware (Plant)

Controller




What is Hardware in the Loop (HIL) Testing

= HIL replaces the power electronics hardware with a virtual simulation

Controller




What is Hardware in the Loop (HIL) Testing

HIL replaces the power electronics hardware with a virtual simulation
— Controller can operate as if in the real system

Virtual Simulation
(Plant)

Controller

Performance
real-tlme

| target

mach, i ne




Advantages of Hardware in the Loop (HIL) Testing

= Can replace prototypes or production hardware with a real-time system
- Easier to automate testing and test grid code fault scenarios

« Safer than most power electronics hardware Virtual Simulation
= Start many design/test tasks earlier (Plant)
Controller
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Protecting the Utility Grid

Voltage Grid Codes
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Model Based Design for Power Electronics

REQUIREMENTS

A 4

ﬂ)ESKTOP

SIMULATION

PLANT
Load, power supply,
power electronics,
batteries, passive
circuit components

SYSTEM MODEL

CONTROLLER
Algorithms for power
electronics control

\_

~
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C or HDL Code generated from plant model

Power electronics, battery SIMULATION
packs, power supplies, Behavioral model running on a real-

electrical loads time computer

Real-time
communication

RAPID CONTROL PROTOTYPING
Control algorithms running on a real-
time computer, microcontroller,
or Simulink-programmable FPGA

REAL-TIME SIMULATION
HARDWARE PROTOTYPE HARDWARE-IN-THE-LOOP
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Overview of Solar Inverter Control Development

>

Increasing
Irradiance

Plant Modeling
(Photovoltaic plant, Inverter, Grid)

PV Power Output

Control Design PV Voltage
(Grid synchronization, MPPT algorithm)

Automatic Code Generation N Vitual Simiaton
(Deploy code to TI C2000 and Speedgoat hardware)

Hardware-in-the-Loop Testing
(Controller verification with Speedgoat hardware)
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© Plant Modelling

Schematic-based modeling with common power electronics topology

Inverter Control Three-Phase Inverter
IslandCmd
Wi InPridCnt
Solar Array : B
V_Giid -
»| VI Solar - -
1000 =7 Uref Grid Connection
Py - - Vdc | Vdo_meas Uraf ]
I+ It I a A B
20 L | b358 B@M@—{
PW-- M= Inw=- . e g C C
DC Link Grid Inverter Pl Section Pl Section 120 KM [ 25 kY 120kY 2500MUA
5 km Feeder 14 km Feeder 4T M
o L
2-MW
Load
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SIMULATION

Plant Modelling

’i gridSolar_mppt/Grid Inverter * - Simulink sponsored third party support use

DEBUG

MODELING

(1 [ O - g8

Stop Time |50 . « w uD »

=

™
Project New & save Library Signal Ti (hmrma]—'[ Step Run Step Data Logic
- ~ = Print v  Browser Table @ Fast Restart Back v - Forward Inspector Analyzer
PROJECT FILE LIBRARY PREPARE SIMULATE REVIEW RESULTS Y
<« W Grid Inverter
@® |[Pa]gridsolar_mppt b [Pa]Grid Inverter =
Q
Uref
=
@ Block Parameters: Two-Level Converter X
- Two-Level Converter (mask) (link) Vinv
Implements a three-phase two-level power converter using the following
O modeling techniques:
1. Switching devices: The converter Is modeled with IGBT/diode pairs
controlled by firing pulses produced by a PWM generator.
U ref i 2. Switching function: The converter is modeled by a switching function
controlled by firing pulses produced by a PWM generator (0/1 signals) or by
firing pulses averaged over a specified period (PWM averaging: signals
i ; between 0 and 1).
BL » [ Average model (Uref-controlled): The converter is modeled using a VabC
switching-function model directly controlled by the reference voltage. A PWM
InV+ generator is not required. |abc
A Technique 1 is the most accurate, while technique 3 yields to the fastest o a A
simulation. The two techniques in 2 are well-suited for real-time simulation.
Model type: [Average model (Uref-controlled) -|
Switching devices
Average el (Uref-controlled)
Diode snubber resistance (Ohms) |1e6 It 7 4 > A
InV“ 2_Leve| C gy Diode snubber capacitance (F) M‘L 7]5 v ° o 91 Yg C
Diode forward voltage (V) |1e-3 ] i 5 B
Two-Level Converte curent source snubber resistance (ohms) [inf I | 100 kVA B1 c
o] [ | [ vee | % O 260V / 25 kV
]
»
Ready 292% FixedStepDiscrete
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© Control Design
PID Tuning of Power Electronics — Leverage Average-Value Models

PLL & Measurements

Vabc_inv wi P ot g

labc_inv VdVg_grid P Vdg_meas Uabc_ref —@ g+
Uref BL '(

Vabc_grid Idlg_inv P ldlg_meas VdVq_conv F— Vd\Vg_conv

Idiq_ref AB
Uabc ref Generation
VDC Regulator Current Regulator max (m) = 1
u
a. B
D ) PIZ) S
Vdc_meas 2-Level (0f - |

_L Reference K

Vpv Reference Step

Block Pararneters: Two-Level Converter
Two-Level Converter (mask) (link)

Implements a three-phase two-level power converter using the following modeling
techniques:

Model type:

Average model (Uref-controlled)

Switching devices
Switching function

Diode on-st.
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© Control Design
PID Tuning of Solar Inverter — Leverage Average-Value Models

MPPT_On
0 ——p{on
P Vabc_prim
[m_inv] <Vabc> =R
STre P Iabc_prim @EP Grid
Uref

p{v PV s E’-
pi1 PV

sLPV= Measures

Vdc_meas
m_solar]| Inverter Control
(1 )

Ir Vdc —p»| Uref msb@‘

e : Inv+ B glnv+ ‘ AR @

s DT N I ==l s | & °
T Inv-- Inv-- | Cn—@

SunPower SPR-415E-WHT-D DC Link Grid Inverter
7-module string
round(35*Pmod) parallel strings




© Control Design
PID Tuning of Solar Inverter — Leverage Average-Value Models

| 4
] PID TUNER VIEW B4 Bleeet@e
| Plant: Type: PI Domain: & [+ » — = .
E | Slower Response Time {seconds) Faster 0.0618 & 9 E ’.)
Plantl ~ Form: Parallel |Time i J
. = , . : 8— : 06 = F{es.et Show Update
“{ Inspect  {@ Options Add Plot e vt B onior Rokwet Design Parameters Block™ -
PLANT CONTROLLER DESIGHN TUNING TOOLS RESULTS “
% - | Step Plot: Reference tracking [
3
L=
= X
= Step Plot: Reference tracking Controller Parameters
(=
1
I I Tuned
0.9 - P 2.271
| 1.2864
| 08 D n/a
| M nfa
| 0.7 -
]
o 06
=
| 2 Performance and Robustness
= 0.5
= Tuned
< 04 Rise time 0.684 seconds
Settling time 3.89 seconds
[ 0.3 I Overshoot 0%
Peak 0.993
0.2 |- Gain margin 27.5 dB @ 1.33+03 rad/s
Phase margin 117 deg @ 32.4 rad/s
01 Closed-loop stability Unstable
0 | | |
0 0.5 1 1.5 2
Time (seconds)
2% PID Tuner could not find a stabilizing controller for current cenfiguration Controller Parameters: P = 2271, | = 1.286
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© Control Design
PID Tuning of Solar Inverter — Leverage Average-Value Models

wi wi
(2} P Vabe_prim Uref
\fabe_prim VdVie_prim P Vdig_meas Uabe_ref Uref Uref
@ P labe_prim \diq_prim P dlg_meas Vdvg conv P Vdiiq_conv
labc_prim
PLL & Measurements » e
q_re —
MPPT Controller [Vdc] Uabc ref Generalion
using Perturbe e {(m)=1
e & Observe technique Vdc Voltage Regulator Iq_ref Current Regulator
Parameters
Vdo_meas
{ 1 I‘. 4 Enabled
On -‘ o i B Measured B Reference
Ciy—sfy pameo \
- i . > 550
V_PV Refaranca
s o— o,
g [vdc] »
I_PV f Measured !
Wdc Step PV Valtage 500
450
|
400
o 0.1 0.2 0.3 0.4 0.3 0.6 o7 0.8 0.9 1.0

DC Voltage Control - PV Array
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© Control Design - MPPT

DisableMPPT
during: ¢ File Edit View Insert Tools Desktop Window Help
Vref = VrefCmd; TN N\ o2 \ =
[V::f_prerf = (/nremed: } Jdd@ @/ N s [E
[MPPT == 1] l [MPPT ~=1] 20 PV Power Output
= Using inverter control to EmmrT s
1 ' Compﬁte_Power 16
traCcK maximum power point oy . o
P =V 7 14
2 12
Calculate_Difference 5
A [entry: = 10|
deltaP = P - Pprev; g
. deltaV = V - Vprev;
n - > 8t
15 » 1 2 [s8
j=3 [deltaP < 0] [deltaF>>=0] 6
e
=
o A ;’\‘ 4+
e ‘7’2 _[deltav <0]  [deltaV <f:f']"L?
2 B ~ ~ o et
[} [deltaV >= 0] ! '
o [deltaV > 0] 0L—— o S €
> 0 5 10
o ‘ S ’ PV Voltage [V]
Increasing Decrement_Vref Increment_Vref
H try: try:
Irradiance 3?e?= Vref_prev - delV, slre;y: Vref_prev + delV;
PV Voltage J
Sav(;_PreviousValues ‘
[entry: 3 =)
Pprev = P; Vprev =V, 5
Automatically adjust desired PV Voltage to find Peak 1 2
Power Outputat any Operating Condition {iretzs Visilood | baseEs el
[Clamp_VrefMax ] [CIamp_VrefMin ]
entry: entry:
Vref = VrefMax; Vref = VrefMin;
Learn more: Webinar on Modeling, Simulating, | |
N p'e 1§
H O =) =)
and Generating Code for a Solar Inverter \ )
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https://www.mathworks.com/videos/modeling-simulating-and-generating-code-for-a-solar-inverter-1541092623689.html

© Control Design

Designing Fault-Ride Through Algorithms
» Reactive power support during low voltage fault

? 4 Scopel - d
(slanded - w File Tools ‘.fu:-w Simulation Help ]
GridCnt = 0; ® @- 90 P -l (CURIN M RIE W7
Trip = false; | Solar Power
] rid <=0 %Clear Fault State Ti T —

Grid_Detected Vo | _(Grid_bown s s e

NoGrid = 0; NoGrid = 1; % ,___,___.__«‘\ A
N ' [Varid > 0] )

[NoGrid == 0] |

% Grid Synchronization Time
[IslandMode == 0 && after(1,sec)]

I [IslandMode == 1]
2

@ﬁd_Connected °

~

Fault_Island
GridCnt = 0;

Grid Voltage

Srdom st D/grid >1.1|| Varid < 0.9]
Nominal —[Voltage_Fault (Trip == 1]
PQPriority = 1; PQPriority = 0; P
Trip = false; Trip = VRT(Vgrid,elapsed(sec)); | [
Inverter Current
e [Vgrid < 1.1 && Vgrid > 0.9 && after(1,sec)] Y

Simulink Function Trip = VRT(Vgrid,Time)

Sample based Offset=0 1=20.000
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© Control Design '

File Tocls View Simulation Help k.

Fault-Ride Through 5| 6OP® - Q- T [Fa

LVRT, HVRT

= Testing Fault-Ride Through against Grid
Codes such as IEEE 1547-2018

=

See Grid

File Tools View Simulation Help k.

@-|2OP@| - a-EH|FA-

3 Trip Early Trip p

Grid Code Check

AV (pu) EEE 15472018  L-ate LV Tripp
3 Freq (Hz) Late HV Trip p
Grid
Code Check

Learn more: Webinar on Renewable Grid Integration Studies Ready Sampi based | T-50.000

TLAB PO speedgoat 4 MathWorks



© Control Design
Simulation Results

HMULATION MODELING FORMAT
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A A
e Inv+ 0—Oph
20 [ W | " s
PV~ Inv—- nv—- c c = K
Grid Inverter
SunPower SPR-415E-WHT-D DC Link
7-module string

1 kW Load

round(35*Pmod) parallel strings
Vo> 0 2

<

2

|3

<
IW\\-B

10.01 10.015



© Automatic Code Generation
Microcontroller

« Use Embedded Coder and C2000 hardware support package

100

Digital
Pulse
ZxU (J U6 ™ :
W v £ Code Composer™ Studio v6
Af)
f S o :
e A L

k4

C2000 MCU
SM320F28335

T
AL
Vrefc@ \' Vref —»@—» Plz) 1 + \‘2'\’,.‘,&03Xf05xf06x
O aP\WM i
e DC-DC Boost Boost Converter T—
Qelv—) Voltage Controller h
Perturb and Observe

MPPT
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© Automatic Code Generation
Speedgoat Real-Time Simulator

« Use Simulink Real-Time and HDL Coder for C and HDL code generation
= Deploy to multi-core CPUs or multiple FPGAs
- Wide range of I/O connectivity, communication protocols and I/O functionality

Speedgoat
103

XX
PWM Capture v1 DC16é
Module ID: 1

PWM Capture
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@ Hardware-in-the-Loop Testing

Reuse models at different levels of fidelity in CPUs and FPGAs

Automatic code generation
— Multi-core CPUs using Simulink Real-Time
— Simulink-programmable FPGAs using HDL Coder

Compatibility of Simulink, V&V tools and Speedgoat hardware

HIL simulation with switching dynamics
— CPU workflow up to around 5 KHz switching
— FPGA workflow up to around 100 kHz switching
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@ Hardware-in-the-Loop Testing

& grdSolar_mppt_siit ™ = Simulink sponsored thid party suppont use
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Conclusion

= Simplify control development for power electronics using
Simscape Electrical and Speedgoat hardware

- Automatically generate C and HDL code for plant simulations and
production code from Simulink and Simscape Electrical

« Use hardware-in-the-loop to test normal operation and fault conditions
like Fault-Ride Through
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Learn More

= Www.speedgoat.com — Speedgoat real-time solutions

= Developing Solar Inverter Control with Simulink — video series

- HIL for Power Electronics -whitepaper

= Detailed Model of 100 kW Grid-Connected PV Array - example

- MPPT Algorithm - webpage
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https://www.speedgoat.com/
https://www.mathworks.com/videos/series/developing-solar-inverter-control-with-simulink.html
https://www.mathworks.com/campaigns/offers/power-electronics-control-hil-white-paper.confirmation.html
https://www.mathworks.com/help/physmod/sps/examples/detailed-model-of-a-100-kw-grid-connected-pv-array.html
https://www.mathworks.com/solutions/power-electronics-control/mppt-algorithm.html

