Real-time Optimal Control of an NPC Inverter via an
RCP System

MASTER THESIS PRESENTATION

Titus Busulwa

*
?‘ Z Fraunhofer
IMTEK® ISE

Done in cooperation with IMTEK and Fraunhofer ISE.
UNIVERSITY OF FREIBURG

September 1, 2016

1/37



Overview

@ General Introduction

© Objectives & Preparatory Work

© System Models

o Design, Implementation and Results

© Conclusions and Future Work

2/37



General Introduction

Wind and photovoltaic power plants

@ Solar- & wind energy
sources experiencing
exponential growth.

o’

Challenge to integration

@ Need to support complex
power conversion
requirements to maintain

Figure: Solar and wind plants. Source: iDEAL grid Stabi“ty- )

Energies
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General Introduction

Motivation for optimisation techniques

Strict grid requirements demand use of advanced control/signal processing
methods.

Why use optimisation methods

Can handle problems involving
@ static and dynamic constraints.
e MIMO Systems.

Drawbacks

@ Generally computationally intensive algorithms.

@ Challenging for fast-sampled applications.
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Objectives & Preparatory Work Objectives & Integration Tasks

Objectives & Hardware Setup

DC POWER SOURCE NPC INVERTER RESISTIVE LOAD

- Main Objectives

@ Prototyping environment
setup.

@ Design/evaluate optimal
control /estimation
methods

@ for sampling time Ts <
100 pus.

HARDWARE 1/0 INTERFACE |

MEASUREMENT

HOST PC DIGITAL SIMULATOR v

RAPID CONTROL PROTOTYPING.

nnnnn =]

& |

Figure: Hardware Integration for RCP.
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Objectives & Preparatory Work Analog & Digital 1/0 Signal Integration

Analog & Digital |/O Signal Integration

Integration of communication and measurement signals between the
inverter and digital simulator.

Figure: 1/O Interfaces of inverter and simulator
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System Models

Grid Voltage Model

Continuous-time grid
DC SOURCE DC-LINK HALF-BRIDGE INVERTER
voltage model

Vie :EG i"i%m LCLFILTER GRID
> S‘L b i
[*VG] - [o _Wo] [\7@] “ e % n
vl (w0 | |ve dI ® @
v = iy
Yerid = [0 1] [Vﬂ @"l"

Ve Quadrature grid voltage state

v Grid voltage state

Yeria Grid voltage output

wp  Angular grid frequency (assumed constant)
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System Models

LCL Filter Model

Continuous-time LCL-filter model

: —1 . 1
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YLCL 010 vc
ic
States: Controls:
i Main inductor current vin  Bridge input voltage
vc  Filter capacitor voltage vc  Grid voltage

ic  Grid-side inductor current
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Closed-loop System Overview

———  Electrical Signals
Virtual Signals

NPC INVERTER
SIDE

Umod

Modulator
(with Deadtime
compensation) Briak
Hmod Reference
Generation
(with DC-link
Trof Balancing)

JLen

Ygrid

REAL-TIME
SIMULATOR SIDE
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Design, Implementation and Results SPI Interface

SPI Interface Design

Figure: SPl Master Module with
EventDetector and EventGenerator |/O
blocks.

L T

Figure: Single-master Multiple Slave
Topology Source: WIiKIPEDIA.
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Design, Implementation and Results SPI Interface

SPI Interface Results

Figure: SPI Communication Results.

Figure: AMC1210 SPI Timing Specification.
Source: Texas Instruments.

Lo
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Design, Implementation and Results Kalman and Low Pass Filters

Kalman Filter Design (Output Current)

Output Current Estimation Problem

N
[%0,...,Xn] =arg min ||xo — )FOHfjo_l + ZHyk — Caisxk|| -1
(x5 xn] =

N—1
+ ZHX"“ — AdisXk — BdisUkHéfl
k=0
i (k

where x, = [\_/c((k)))] ,and ig(N) =[0 0 1]&w is sought.
G

Discrete-time LCL-filter model

wi ~ N (0, Q) process noise
Xis1 = AdisXk + Baistx + wk vk ~ N(0,R) measurement noise
Yk = CaisXk + Vi po ~ N (%, Po) initial state noise
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Design, Implementation and Results Kalman and Low Pass Filters

Kalman Filter Design (Output Current)

Solution Model

Estimation model
Prediction Rk = ARpk—1jk—1) + Buk + Kgain}’k
Rik|k—1] = AdisXk—1]k—1] T Baistk
Pikik—1] = Adis Plk—1jk—1Adis + Q
Correction
Kik1k] = Riklk—1] + Kgain Yk — CaisXik|k—11)
= (I = Kgain Cais) Xk [k—1] T Kgain¥k

Gk =Sk =0 0 ku
where A and B are constant Matrices

For LTI model, if (Aqi, Cais) is observable and (A4, Q2) is stabilizable, then
limy o0 Plrs14) = Poo > 0 for any po > 0.

oo PGl
8 R+ CaisPoo CJL,
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Kalman and Low Pass Filters

Design, Implementation and Results

Output Current Estimation Results

Figure: Plot showing the LCL filter measurements, inputs and estimated states.
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Design, Implementation and Results Kalman and Low Pass Filters

Kalman Filter Design (Grid Voltage)

Grid Voltage Estimation Problem
N

[, ..., %] =arg min [x0 — %31 + D llvk — Caxillz—1
[x0,---,xn] 0 =0
N—1
+ D llxks1 — Aaxel|g-1
k=0

where x, = Ve (k and V6(N) =[0 1]xy is sought.
VG k

Discrete-time grid voltage

mode| wi ~ N (0, Q) process noise
vk ~N(0,R) measurement noise
Xierr = Aaxi + Wi po ~ N (%, Po) initial state noise

Yk = Caxx + vk
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Design, Implementation and Results Kalman and Low Pass Filters

Kalman Filter Design (Grid Voltage)

Solution Model

Prediction Estimation model
Hk|k—1] = AdX{k—1]k—1] Kk = AR—1]k—1] T KgainYk
Piik-1] = AdPli—1/x-11Aqd + Q V61K = Sl = [0 1R
Correction where A is a constant Matrice

Rk = Xklk—1] T Kgain(Vk — CaXpxik—11)

For LTI model, if (A4, C,) is observable and (A4, Q) is stabilizable, then
limy—s o0 P11k = Poe > 0 for any Py > 0.

P PGl
8 R4 CyPoC]
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Design, Implementation and Results Kalman and Low Pass Filters

Grid Voltage Filtering Results

Figure: Plot showing the filtered and unfiltered grid voltage signals, vg
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Design, Implementation and Results Kalman and Low Pass Filters

Low-pass Filter Design (DC-Link Voltage)

1 We
H, s)=— =
LeE(s) Wic+1 s+ we

(s-domain)

where £, =500Hz and we = 2 x 7 x 500 = 10007 rads~* and s = ZE-3) by the
bilinear transform.

weTs(z + 1)
(z=1)+wTs(z+1))
_ weTs(z+ 1)

T (WeTs+2)z+ (weTs—1)

Hipr(z) = 5 (z-domain)
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Design, Implementation and Results

Kalman and Low Pass Filters

DC-link Filtering Results

Figure: DC-link filtering during openloop operation.
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Design, Implementation and Results Controllers & Reference Generation

Controller Design: Optimal Control Problem Formulation

- . . NTS 2 2
n)1<|(r.1)|,rlrl1(|.s)e /0 1x(£) = xeet (1)1 + [Ju(t) — tre (£) || dx

subject to
x(0) = xo (fixed initial state),
x(t) = Ax(t) + Bu(t), te€][0,NTs] (dynamic constraints),

|:Xmin:| S |:X(t)] S |:Xmaxj| Jte [07 NTS] (path constraints)

Umin U(t) Umax

20/37



Design, Implementation and Results Controllers & Reference Generation

Controller Design: qpOASES

Discretised Formulation for qpOASES

L. 1 7 T where the cost function

R Hv — v’ Hvyet 1 ;

. Fobi(V = Vret) = =(V — Vrer)  H(V — Vier)
subject to [y < AeqV < ug, 2

1
I, <v<u, = 5(vTHv = 2VTHVref + vrTevaref)
Xo Xo QO
uo o Ro
X1 X1 Q
up i Ry
v=1| | sVeet=| . |, H=
XN—1 XN_1 QNfl
un—1 UN—l RN—l
XN ] L )_(N ] L QN_
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Design, Implementation and Results Controllers & Reference Generation

x(0) Xmax
0 Umax
I
0 Xmax
Adgis  Bais =1
0 Umax
Acq = ya=ua = . , Uy =

Adis Bdis -1 0
Xmax

Adis Bdis —1 0
Umax
L 0 i _XKTIHX_

and |, = —uy

Acont cont
iL 0 = 0 0 0 i =
Ve & 0 Z o 0 ve 0
icl=1o0 ﬁ 0 0 ZTI ic|+]o0 [vm]
Ve 0 0 0 0 —wol| |Vg 0
\./G 0 0 0 wWo 0 VG 0
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Controllers & Reference Generation

Design, Implementation and Results

Controller Design: MPT Toolbox

Discretised Formulation for Explicit MPC

N—1
HXk - )_(ref||2Q + HukH%’ + ”XN - )_(ref”%)
N

minimise
X0, U0, X1y - - -, UN—1, XN =0
subject to xo = x(0),
Xk+1 = Adxkx + Bguy, k=0,...,N—-1
Xmin [ [ Xk|  |Xmax k=0 N—1
Umin Ug| = [Umax ’ ’
v
Acont Beont
—1 1
I 0 m 0 0 I m
; 1 -1
I N R S R PN
H 1 71 .
ic 0 ic 0 o i 0
VG 0 o0 0] |ve 0
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Design, Implementation and Results Controllers & Reference Generation

Real-time Reference Tracking Results (Offline MPC)

Figure: Reference current set point change from 1 A to 8 A RMS.
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Design, Implementation and Results Controllers & Reference Generation

Simulation Results: Online vs Offline Control Inputs

Figure: A comparison of qpOASES and Explicit MPC inputs for a set AC reference current.
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Design, Implementation and Results Controllers & Reference Generation

Simulation: gpOASES vs Explicit MPC Performance

Figure: Plot comparing performance of gpOASES and EXMPC during simulation.
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Design, Implementation and Results PWM Generator

PWM Generator Design: Complementary Signals

Gate Gy
ti(k) =0, Si(k) =0 Figure: Centered complementary signals with
(k) = B(k) + tar,  S2(k) =1 deadtime
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Design, Implementation and Results PWM Generator

PWM Generator Results

Figure: Four PWM signals driving one phase Figure: LCL filter input v;n and output vg
leg of the NPC inverter voltages
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Conclusions and Future Work

Conclusions

The following core modules developed for RCP:

O A PWM Generator to actuate the inverter.

@ An SPI master module to read digital LCL filter measurements.

© Kalman and low pass filters.

@ Online and offline-based MPC controllers for current control.
Observations

@ Offline MPC more stable for fast sampled applications.

@ Short horizons & decision variable dimensions => speed.

@ Delays caused unsmooth results (SPI, Simulator, Sincs).
@ qpOASES scales well with prediction horizons.
°

gpOASES shows good performance after initialisation.
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Conclusions and Future Work

Future Work

@ Real-time execution with gpOASES.

@ Condensing to improve execution time.

© Parallel measurement/readout architecture.
@ Model verification for PWM Generator.

@ MPC for three-phase control applications.
@ Grid Synchronisation with MPC.
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Conclusions and Future Work

SPI| Master Architecture
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Conclusions and Future Work

PWM Generator Structure

deadTRatio
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Figure: Subsystem View of Modulator Internal Structure

33/37



Conclusions and Future Work

Explicit MPC Real-time Performance
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Probes | <¢ 1mfa [»]
| Ussgezel | Min | Max [ Mean |

=[] LoopBack Ts=8.0E-5[s] 59,59% |

ik Major computation time s7.0% dt= 46,05 [us] dt= 46,56 [us] dit= 46,24 [us]
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Conclusions and Future Work
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Conclusions and Future Work

Prediction

Kik|k—1] = ARk—1]k—1] (1)
Plki-1) = APp-1jk-jAT + W (2)

where Py _1) € R™*™ is the predicted state covariance, Xjx|) € R™ is
the predicted state estimate. It is assumed that the noise covariances are
constant and thus W, = W and V, = V.

Innovation Update

Piij = (P[;ﬁk_l] +CTVIO) ™ = (1= Kk C) Py (3)
Innovation Residual
—_—~
Kk = k- + Pugg €TV x (v — CRigre1)) (4)
—_—

Optimal Kalman Gain

K = P CT V71 = Prr-n €’
V + CPyk—1C"

Innovation Covariance
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Conclusions and Future Work

X411k = ARkl = Kirehk + (A= Kipro O Ruge-1, k>0 (6)
APy1CT
Koo, —

Pirr1/k) = APiigAT + W = A(1 — K C) Py AT + W
= A(Pik-11 — Prik-11C T (V + CPpp—11CT) 1 CPyqp—1)) AT + W
(8)
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