Texas A&M Univ. - Kingsville EECS Dept.

Deep Recurrent Neural Network Control
Applied in Solar Inverters for Grid
Integration

Dr. Xingang Fu

Department of Electrical Engineering and Computer Science
Texas A&M University-Kingsville, USA
Email : fuxingang@gmail.com

2/18/2021 2:04 PM



Texas A&M Univ. - Kingsville EECS Dept.

Outline

I. Background

II. Deep Recurrent Neural Network Controller
I11. Trajectory based Training

IV. Local Stability and Local Convergence

V. Hardware-in-the-loop Experiment

V1. Discussions about RNN Control

2/18/2021 2:04 PM 2



Texas A&M Univ. - Kingsville EECS Dept.

Outline

I. Background

2/18/2021 2:04 PM



Texas A&M Univ. - Kingsville EECS Dept.

DMS: Distribution
Management System
MGCC: MicroGrid
Central Controller
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The CONTROL of power electronic
devices determines the system
performance to a GREAT degree.
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California’s Rooftop Solar Mandate Wins Final
Approval

The California Building Standards Commission has signed off on the residential solar mandate—a first of

its kind for the nation.

JULIA PYPER | DECEMBER 05, 2018

GTM Has
Hybrid Energy
Covered

READ MORE

It's official. All new homes in California must incorporate solar power starting in 2020. TOP ARTICLES
MOST POPULAR MOST COMMENTS
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Solar Microinverter

Solar Micro Inverter
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: 1.

Photovoltaic DC-DC Boost Single Phase Grid B8
Panel With MPPT Inverter 1
MPPT: maximum power point tracking Source: www.ti.com

= A Solar Microinverter converts DC generated by the single solar
module to AC, and generally is connected to the grid. It allows two-
way power flow.
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Single-phase Solar Grid-tied Inverter/ Converter
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= Single phase inverter is for home application.

= To reduce harmonics, the LCL filter is a wise choice and generally used.
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Resonant P

roblem

«» However, as the LCL filter has a Resonant Problem and tends to be unstable.
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¢ The control of the LCL filter is a challenge!

v" Many damping / control methods have
been proposed to handle this.
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That Peak point
(resonance
frequency) causes
the unstable
problem and control

difficulty.
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II. Deep Recurrent Neural Network Controller
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Deep Learning
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Proposed Neural Network in Feedback Control Loops
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Feedback connection in closed-loop control

Recurrent Neural Network
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Feature - Error Integral

v Shortcut connections

/ Input Preprocess // \
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Sdq and edq are the error
terms and error integral
term respectively.

v’ Stabilization
matrix added to
the output

v" No steady-state tracking error. v This structure succeeded in the

hardware-in-the-loop %(periments
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I11. Trajectory based Training

2/18/2021 2:04 PM

13



Texas A&M Univ. - Kingsville EECS Dept.

Approximate Dynamic Programming

» Dynamic programming (DP) employs Bellman’s optimality principle and provides powerful
tool for solving optimization,

( DP can is also powerful for OPTIMAL CONTROL problems, e.g. Adaptive Critic
Designs (ACDs) is one class of Approximate Dynamic Programming to
approximate optimal control.
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Approximate Dynamic Programming Based Trajectory Training
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v’ The goal of training is to adjust the actual currents to follow the reference current

trajectories through minimizing the cost function based on the Approximate Dynamic
Programming principle.
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Deep Network

Reference signals
-_— . o

Final system states

7. (0) Ly ()
sdg R R ESystt;m ESyst{cm | ESyst{cm | ESyst;m | 5
i ﬁat[ :ystem 175@ ( 0) quations Iqu (]) ]_}qu (1) quations ﬂdq ( [) E;.dq (l-l-l) quations 17_“;{,; (N—l) quations
states
Forward Path: total N time steps >

= In the training, the NN needs to be expanded along the trajectory.

* Think of this process as a big network, for a 1000-step calculation, the total
number of NN layers will be 4x1000= 4000.

v’ itis a large and deep network, which requires lots of calculation.
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Forward Accumulation Through Time Algorithm

Algorithm 3.2 FATT algorithm to calculate the Jacobian matrix.

—
I € 0.57(0) « 0.57(0) 0,249 0, 2u® .

g

{Calculate the Jacobian matrix J( W)}

3: fork=0toN —1do
4 ligy(k) < kpwamR(eqp (k) Sag(k), W) — vy
A5z (k d0a(k digi(k
ol
A IR(k) , IR(K) diag(k) | IR(K) I5aq(k)]
6 T | G et + SR )
7. 3:‘;3(;?1) <—Aa""'{k) +B(?udq(k+l)
—
8: ’dq(k +1) « A!dq(k) g Budq(k)
g O
9:  ega(k+ 1) igg(k+1) —igg rer(k+1)
10:  Sag(k+1) « 5ag(k) + 5 [eaq (k) + eag(k+1)]
1: C(—C—I—U(e_d;(k+ 1)){accumulate DP cost}
90 (k+1) . P (k) | digy(k+]
PO A2V T G ”‘3(:? )
3. VKt oV (k+1) a'dq(k"'])
' Iw degg(k+1) oW
14:  the (k+ 1)th row of J(W) « w—ak_}'i)
15: end for

Introducing of error
integral terms brings
difficulties in
calculating gradients

51, 16: {On exit, the Jacobian matrix J (W) is finished for the whole trajectory. ) 17
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Well-trained RNN Controller

20 - : : -
|d ------nld* |q EEEEEE |q*
15 : : ' Z
< The actual
E currents can
o follow the
5 reference
- trajectories
0 : quite well!
g 0.5 | | | | |
0 0.25 0.5 0.75 1 1.29 15
Time (sec)

The detailed training algorithm: LM (Levenberg-Marquardt) + FATT (Forward Accumulation
Through Time)
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IV. Local Stability and Local Convergence
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System Dynamic Equation

» State-space model

Ignoring the capacitor, o | ool Pl
the two-dimensional

system equation will be ) _.(3_.1::}

simplified as !
R - _ (R, +R, |
d |l a Uy L+L,
— = A + B where A4 =- R oar |
dt|! l u o, g T
| 9 _ 9] L 1 _ * L 4L
ldgq Uiy [
L +L
Control vector: _ po_| &
Uy, —R(edq,sdq) |
_ T
=K ,,..N(e,,S,,,W)—Vv, : :
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Function format of RNN controller

» NN function representation

/ Input Preprocess \
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Augmented System Equations

» System Equation Transformation

From the definition of error and error integral

€a . . ‘
€y = =1y yor —bag>  Sag = Io e, dt

€

Y
:edq——gqu, qu—edq

The original Two-dimensional system equations can be augmented into
the following Four-dimensional one:

édq — A(edq B idq_ref) o BR(edq 2 qu)

Sy = €y

v The equilibrium point of the system can be noted as (0, s*), which
means edq=0 and sdq=s*.
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Local Stability and Local Convergence

[ To guarantee local asymptotic stability and local exponential convergence,
the weight matrix and bias vector of the NN need to satisfy the following

condition:
. Gll G12
Reqeig > < ()
1 0 ) Linearizing the RNN controller
where
OR(e, ,s, )

G,=A-B—4" 4
Oe, *
4 €dq =0,sdq=s

v" Which means all the
A 5R(€dq ; qu) eigenvalues have the
negative real parts.

12

oS ” .

€ :0,sdq =%
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V. Hardware-in-the-loop Experiment
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T1I Solar Micro Inverter Kit
TI F28035

140,141,342 13,17 P1,P2;PLC | 115,138, 1§ L ABAAA 11
FJI:S +1:\_ch s ) mli-eijhM Mrolicr
l::lop:::d ias - = : . isolated bias
{AC input with s];gppmlvp‘ ut with
Line and Line and Neutral
Neutral ONLY) ONLY)
DIMM100
Control Card

Slot
J13

TP 13, PV-

TP 16,Neutral | ;

S FlyBack Stage
(o .
n . 'S at ' “ B ES
: ey ' . o ‘. I - ‘I
: T . TP 12, PV+

(e tsmewar ]| | | W Source: wwwi
TP 15,Neutral Source: www.tl.com
TP 10,PGND TP 8,VBUS Flyback

TP9, VBUS Inverter

Features:
1) 28 to 45V at input; 280W for 220VAC, 140W for [ 10VAC;

2)  C2000 Piccolo F28035 32-bit 60MHz MCU
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Hardware Validation Laboratory Set-up
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C Code Implementation

( s mrlcspace_v?-CCSEd‘rt; Solar!
[ File Edit View Navigate Project Run Scripts Window Help

s~ RiBIR~iDifp~ri@vi@imor Quick Access || 5 | [B)%
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s SR AMEY AUy 1S = AW\ U.UD ),
9 - B%® - 304 _iq24 Ts= _IQ24(8.0002); ik (=]
b G Example_2833xE 385 _iq24 Vmax=_IQ24(50);
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§ @J eichindes L7 30 Neura]l petwor-k weiohi
. @ .
sed iq24 wi[e][5] =
b @ F2803x FLAS|  spd— c tels]
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b [§ DSP2803x C( 311 {_I024(0.444881377398476), _I10Q24(-0.273665881975338), _IQ24(-0.806833146111455),
b [g DSP2803x_C 31 {_1Q24(-0.076782721698411), _IQ24(@.027988244473527), _IQ24(1.833571759736579),
> [ DSP2803x Gl 31 {_IQ24(-0.329387907969426), _IQ24(0.@55869759136574), _IQ24(-2.334858504823933),
__ . 314 {_1Q24(©.975449301480634), _IQ24(-0.693194887506702), _1Q24(-8.974186473503870),
b Lgg DSP2803x Hi 3,4 {_1024(-1.822063703261071),  _IQ24(0.652089780990077), _IQ24(-2.486673122213240),
> [$% DSP2803x_us 314 RNN
b [4 F28035_FLAS 317 9]
b [€ PWM_1ch U . 31§
= E x =2
> [ PWM Micro [l 22 1424 w2[61(7] parameters

b [gy SFO_V6.h
lg] SolarMicroln 32 {_IQ24(@.102843076827275), _I1Q24(0.191914110410823), _IQ24(-2.917113422519530),
321 {_1024(1.163524648490808), _IQ24(0.378480943282934), _IQ24(0.8082529910764117),
324 {_IQ24(1.094273060910287), _IQ24(0©.451371345111921), _IQ24(@.837306305585758),
329 {_1Q24(@.162899711038084), _IQ24(0.059501648379028), _IQ24(0.448206668489565),
324 {_IQ24(0.472669054198912), _IQ24(@.321434544685847), _IQ24(-1.245561464449516),
327 {_1024(0.307093012425141), _IQ24(0.041308699600691), _IQ24(-@.886175489415640),

329 };

|=| graphl.grapl
= 334 _iq24 wW3[2][7] =
|=| graph2.grapl 333 {

= IQmath.lib =2
Bty SFO_TLBuilc, 334 {_IQ24(-0.159228774748952), _IQ24(-2.041438799465066), _IQ24(-2.427765035859346),
B} Solor Lib JQy 2= {_IQ24(-2.937394966280304), _TIQ24(0.609082562915282), _IQ24(8.384233735866230),
[# xds100v1_F2¢ 334
= ¥s
334
339 _iq24 inputlayer[5]={_IQ24(@), _IQ24(e), _IQ24(e), _IQ24(e), _IQ24(-1)};
34e _ig24 hiddenlayerl[7]={_IQ24(e), _IQ24(e), _IQ24(@), _IQ24(@), _IQ24(e), _IQ24(e),
341 _iq24 hiddenlayer2[7]={_IQ24(e), _IQ24(@), _IQ24(@), _IQ24(@), _IQ24(e), _IQ24(8), -
< m » === [ ——— S r=s" - --l----. =PI :

a /SolarMicrolnv_F2803x/SolarMicrolnv-Main.c
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Current Tracking

Direct Quadrature Current Graph - 50KHz Sampling Frequency
Measured Vs Reference Iq

0.12% T T

Direct Quadrature Current Graph - 20KHz Sampling Frequency
Measured Vs Reference Iq

Quadrature Current (Amp)
o
2
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@R

27 28 29

Time Step

Direct Quadrature Current Graph - SKHz Sampling Frequency
Measured Vs Reference Iq
) P )

27 275 28 285 29
Time Step «10*

The low switching frequency
even works better! Higher
efficiency!

Time Step «10*
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THD Comparison

O 5KHz sampling and switching frequency

Selected signal 10 2 cycles FFT window (in red) 10 cycles sglecfed sTisnah 10;2 cycles. FFT wiqdow (in Ired)= 10 f?cles
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V1. Discussions about RNN Control
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Discussions about RNN Control

» Advantages

a damping free technique;

allows for low sampling & switching frequency while maintaining high performance;
strong ability of tracking the references, fast response, lower overshoot,

Robust, adaptive, can tolerate a wide range of system parameter changes;
approximate optimal control trained by Approximate Dynamic Programming principle

RGN

» Further Improvements

v" DSP+FPGA implementation or Special Chip to solve calculation problem ? Not Available

v" Refine the structure of RNN to better fit the embedded controller application.

v Reducing training hardware (gpu/cloud, supercomputer)

v" Global stability problem, global convergence problem
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Questions

—
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