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System Frequency Dynamic Response of a Novel, Self-Synchronizing Inverter in a
High Renewable Penetration Grid

Christian Perenyi, M.S.

University of Pittsburgh, 2020

In this thesis, a controller achieving current tracking objective without knowledge of the
grid parameters is developed. An estimated rotating reference frame (yd -frame) is utilized. Within
the control scheme, adaptive compensation terms facilitate the current tracking objective and,
simultaneously, accounts for the unavailable grid voltage magnitude, grid frequency, and grid
phase, hence eliminating the need for an additional measurement and feedback system for
synchronization, such as a Phase-Locked Loop (PLL).

System frequency behavior using the controller in a high-renewable (low-inertia) grid
indicates that the monitored performance metrics are significantly improved when compared to

PLL-controlled, inverter-dominated grids.
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1.0 Introduction

In today’s economy, energy transition is one of Europe’s top priorities. A main component
of this challenge is to install a cleaner portfolio of renewable energy resources such as photovoltaic
(PV) systems and wind turbines. That is why, the penetration ratio, Pr, of the renewable energy
over the total energy generation (fossil + renewable) is significantly increasing; based on the
German Energiewende, Germany will have a Pr of 80% by 2050 compared to 31.6% in 2016 [1].

To optimally integrate these renewable resources, it is necessary to rethink the electric
power grid itself by adjusting the centralized generation model and progressively transitioning to
a distributed generation (DG) based power grid architecture through power electronics and their
control. Droop control, [2] a widely adopted method to integrate variable renewable sources
(VRSs), is a decentralized and communication-less control, contributing to the overall frequency
(and voltage) control by emulating virtual inertia (and a virtual impedance) [3]. However, the
expansion of renewable energy inevitably drops the mechanical inertia of the whole power system
because these generation resources cannot store kinetic energy as they do not have a rotating mass
[4]. Hence, a mismatch between generation and consumption cannot always be mechanically
compensated for which can cause large frequency swings. For system operation, loads and
renewable sources should not be tripped [5].

To perform a DG interconnection, the inverter will convert the DC voltage and current to
AC that matches the exact phase, frequency and magnitude of the grid voltage. If not, the inverter-
based source may trip. The phase and frequency need to be determined by a phase-lock loop (PLL).
Synchronous reference frame PLLs are widely applied in three-phase distributed generation
systems. This synchronization method is the most widely proposed solution because the technique
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provides excellent results for balanced grid conditions but becomes quite sensitive to unbalances
and harmonic disturbances in grid voltage [6], [7]. One reason for this drawback is that modern
power converters require fast detection and accurate knowledge of the grid angle [6]. For faster
angle detection, increasing the bandwidth of a PLL has been considered, [8], but is limited by the
presence of other converters operating nearby [9], weaker grid conditions tied to short circuit ratios
[9], [7], and large penetration levels of DG units which can correspond to low-frequency power
oscillations and system instabilities [7]. Many of the attempts to design a better PLL to handle
such conditions have not considered the coupling effects and interactions between the PLL and
system impedance network, which impacts PLL tuning [8]. This coupling has the potential to lead
to instability issues when multiple inverters are connected together [7]. Other grid stability issues
resulting from PLL schemes under various grid conditions, like islanding, are reported in [7].

Additional hardware like voltage sensors required for PLL-type systems are expensive and
introduce electrical noise and dc offsets which require compensation. A PLL system is a self-
contained feedback loop that is outside the primary current control scheme, hence creating a
cascaded control architecture [10]. For optimal stability and accuracy, the current control scheme
should be knowledgeable of the error dynamics of the PLL system.

Most commercial PV inverters operate as grid-following (GFL) sources that regulate their
output power by measuring the angle of the grid voltage using a PLL. These units simply follow
the grid frequency and do not actively control their frequency output. In contrast, a grid-forming
source (GFM) controls its frequency and voltage output. However, as GFM sources retire and are
replaced with renewable based generation, GFLs begin to dominate the electric grids leading to
the common problems initiated by the PLL unit. For one cause for concern with increased GFLSs,

consider the state of California in the United States. In one reported event, California had



experienced significant loss of generation, ~700MW, because the inverter PLL detected
frequencies less than 57 Hz and initiated an instantaneous trip. However, the lowest measured
frequency only dropped to 59.87 Hz. As [11] points out, engineers need to develop solutions for
the reliable operation of inverter-dominated power systems. GFM will play a constructive role in
improving frequency dynamics and stability of inverter-dominated power systems. A key
conclusion from [11] is that GFL inverters result in reduced damping and higher frequency
excursions with increases in inverter penetration. GFM inverters, on the contrary, will result in
increased damping and lower peak frequency excursions with increases in inverter penetration.
Given these considerations, a grid synchronizing control technique that requires an inverter
to behave like a grid forming source with no PLL is an essential requirement in grid power
electronic systems. In this article, a unique approach is provided for self-synchronizing, GFL
inverters requiring no PLL, one three-phase current measurement, and can be modified to behave
as a GFM inverter. The contribution of this work is to present results, in a highly-renewable and
low-inertia grid, indicating that the discussed self-synchronizing control scheme can improve DG

grid stability compared to traditional PQ reference PLL (PQ-PLL) controlled inverters.



2.0 Grid Model

2.1 Two-Sourced Reduced Model

In order to model the entire power-grid, a two-source, reduced-order (Figure 1) modelling
approach is used in this work. The inverter voltage source (Figure 1) aims to represent the inverter-
based renewable sources where the source itself is modeled as a constant DC source. This strong
assumption, which implies that the dynamics linked to the source are ignored, can be justified since
emphasis is put on inverter dynamics. The inverter model and dynamics will be studied in the next
part.

Inverter Generator

ZIoad

Figure 1 - Two-Sourced Reduced Model

2.2 Generator Model

The machine is a synchronous steam generator often used to represent fossil-based

generators. The machine model accounts for the turbine, a governor and an exciter. An IEEE Type



1 DC1A model, without the saturation function, is used to model the synchronous machine and

the automatic voltage regulator (AVR). Based on [12], the governor, the non-reheat steam turbine,

and the machine inertia are modeled as first order systems. Both per unit machine blocks (Figure

2) are first order approximations (e.g. stator transients are neglected) of the full steam turbine

model.

Pref_pu (1 )

P

out_inv

Vref_pu O

Vv

out_inv

Governor Turbine Machine Inertia
K, Ken 1
ki wout
1+TGs 1+ TCHs 2Hs + D
wref
Regulator Exciter
Q K4 > 1 >(+ Vmag
1+71,s K.+ TEs *
s KF
1+TFs | Vref_pu
Stabilizer

Figure 2 - Generator Dynamics



2.2.1 Governor-Turbine Detailed Model

Steam
from boiler

Steam valve
Motor

turns screw A

Collar
fixed to wall

(ITTTTRTHE

To turbine

T 7 7

Restraining
spring

Does not rotate

Rotates

Cylinder

Main piston
(Ram)
Fly
weights High-pressure
oil

Pilot valve

Hydraulic servomotor
Speed governor

Figure 3 - Servo-Assisted Speed Governor [12]

A servo-assisted speed governor is presented in Figure 3. We define Ax,, Axg, Axc, Axp, Axg as
small change in position from nodes A, B, C, D and E respectively. For a linearized model of the
speed-governor around the operating point, node A, B and C are on the same line so that C depends

from Axy, Axg:

AxC = kBAXB - kAAXA = klAw - kZPC (21)

where k,, k, are constants depending on length of different arms of the mechanism. In the same

way, in the linearized system, nodes C, D and E are int the same line so:

AxD == k3AxC - k4AxE (22)



where k5, k, are constants depending on length of different arms of the mechanism. Concerning
the servomotors dynamics, we assume that the high-pressure oil flow rates is proportional to Axp,
S0:

dAxg
dt

= _kSAxD (23)

where k< is based on the oil pressure and the geometry of the servomotor. Taking the Laplace

transform of (2.3) and replacing (2.1) and (2.2) into (2.3) we can derive:

2, = —2ksks ( p klA’\) -t (Aﬁ ! AA) (2.4)
X S kaks \ ¢ dy ) T 1T\ e T RO '
kaks 1 Ky 1,
where K; = o T, = P and R = o For our model, EA(‘) = Pyt iny because of the droop

control which is on the inverter side.

A simplified approach will be presented for the steam turbine modelling. Let’s imagine a
small positive step increase in xg. In steady state, AP,, (output of the steam turbine) will also be a
positive constant but there is a delay since the increased flow does not penetrate instantaneously
into all the blades of the turbine. This approach is highly simplified because the real behavior is
complex and is not a focus of this work. This way, we can approximate the non-reheat turbine by
a first order transfer function. The time constant and the gain can be taken in data-sheets or be set

based on experimental data.



Governor Turbine
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P

out_inv

Figure 4 - Governor-Turbine Block Diagram

2.2.2 Generator Inertia Modelling

The change of the grid load directly impacts the electrical power output which is
proportional to the output torque T, of the generator causing a mismatch between the output torque
T, and the mechanical torqueT,,. This phenomenon is described by the swing equation:

dAw,
dt

Ji =Tn—T, (2-5)

where J is the total moment of inertia of the rotor mass and w,- the rotor speed. Knowing that:

Bp—F = w. (T, — T¢) (26)

and replacing (2.6) into (2.5), we get:

(2.7)



where M = Jw, and is the inertia constant of the machine. In order to normalize this equation, we

introduce:

2
w
o
2Srated

(2.8)

where S,4:eq 1S the three phase rating of the machine and wg the synchronous speed. Since in

steady state w, = w,, We can write:

2H d?%5
—_—= —P 2.9
ws dtz m e ( )
where:
6 =0, —wst (2.10)
where:
dae
r — 2.11
ac O (211)

The electrical grid is composed of both frequency-dependent loads like motors and non-frequency
dependent loads like for example restrictive loads. That is why, the overall delta of the electrical
power depends on both types of loads such as:

AP, = AP, + AP, = AP, + DAw, (2.12)



where D = ipL is the load damping constant expressed in percentage, AP; is the non-depend

wWr

frequency load change and AP, is the depend frequency load change. The damping effect needs to

be taken in account.

The overall generator frequency dynamics are presented in Figure 5.

Governor Turbine Machine Inertia

. K, | Ken 1 s
ref_pu 1+TGs | [1+TCHs| |2Hs+D e

Pout_inv mref

Figure 5 - Overall Generator Frequency Dynamics

2.2.3 Excitation System Model

(ALTERNATE) | f’_
> - 1 Erp

Ve 1+sT¢ | HV _ |
1+5T8 GATE 1+sTa sTe
i 4
Veer  |VF UREI{I’

Vx~ Vx=ErpSe[Er]

sKr
1+sTe

Figure 6 - IEEE Type 1 DC1A Model [13]
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The excitation model is extracted from IEEE standards [13]. In this standard (“IEEE
Recommended Practice for Excitation System Models for Power System Stability Studies™)
different detailed exciter systems models are presented: direct current commutator exciters,
alternator-supplied rectifier excitation systems and static excitation systems. A direct current
commutator exciter has been selected for this work because its wide use and its simplicity;
specifically we will be using the - IEEE Type 1 DC1A model. For our study, we decided to remove
the saturation model to avoid complexity since the saturation had not a considerable effect on the

system for this application.

2.3 Load Model

The three phase load is composed of an inductor and resistor in series (Figure 7). Line

impedance is negligible compared to the load impedance.

o+ o
N . %
- ey i
[Ty]
(gl — L
D Iy,
=

Step4

Figure 7 — Load Model
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3.0 Inverter System Model

3.1 General Model Background

3.1.1 Inverter Model and Average Model

V, R L v,
VDC Inverter I AN m>—f—@—“l

Figure 8 — One Phase Inverter Circuit

Let’s start studying a single phase converter model (Figure 8). The dynamic equation of the output
current is represented by (3.1).

L%+ Ri(t) = V,(t) - Vi(b) (3.1)

where Vs (t) = Vscos(wt) corresponds to the voltage of the grid in Figure 8. This voltage is
considered as constant during a switching interval Ts.

Based on the superposition principle (3.4), the output current can be considered as the
summation of a DC component (3.2) - steady state component, and an AC component (3.3) used
for small signal analysis.

dﬁ - _ Vb
L—=+ R = —=2dH) - 1) = Vs(9) (3.2)

12



h=+o

Ld;—(tt) + Ri(t) = hzzl ap, cos(hwst) + bysin (hwgt) (3.3)
i(t) = 100 + 100 (3.4)

d(t) being the duty cycle at time during the switching period Ts. However, for our study we can
neglect the impact of 1(t) over i(t).
In order to extend this method for cases where average variables are themselves function

of time, the averaging operator is defined as:

t

x(t) = Tl x(1)dr, (3.5)
s Jt—T

where x(t) is the average value of x(t) over the period T. This operator can be applied on both
side of (3.2) if the frequency of the carrier signal wsis at least 10 times higher than the modulating
signal which gives:

i | o Vi
L—=+ Ri[) = m(H)—=— Vs(9 (3.6)

where m(t)=Mcos(ot) and M=(2d — 1), that way the modulation index describes the relationship
between the magnitude of the modulating signal and the duty ratio. For this study, the module of

m should not exceed 1 to avoid saturation. Other strategies such as space vector modulation, where

m can eventually go beyond 1. In this case the maximum voltage output value is %

13



Similarly, for a three phase inverter dynamic equations remain the same for phase a and

have a + 2?” phase shift for phase b and c.

( dig(t)

S V
L——+t R = Ma%ccos (wt) = Vscos (wt) &0
diy, O Vie 2m 2
) _ 2 _ 26 3.8
L o + Ry, (b) M, E cos (wt 3 ) — Vscos (wt 3 ) (3:8)
di(t)  —— V¢ 2r 21
L = + Ri.(t) = MCTCOS (ot + ?) — Vcos (wt + ?) (3.9)

To achieve the desired output value a control needs to be implemented since all parameters can
change in time especially the grid voltage Vs or in another configuration the load and so the
required output current. That way, a sinusoidal command tracking needs to be designed which
implicate really elaborate compensators and a really wide bandwidth. We also need a fast dynamic
behavior and a small steady-state error.

DC tracking problems have widely been studied due to their simplicity. All the
requirements mentioned above can be completed with a simple Pl compensator. That is why, we
are willing to transform our rotating values to DC values. The Park’s transform can do that; moving

from a rotating abc-frame to a DC dg-frame.

3.1.2 dg-Transform

This part is purely theoretical. It can be applied to any time varying function of a balanced
system. It is important to understand how the dg-frame is built and what does it geometrically

represents.

14



So, let’s consider a time varying function f(t) in a three phase balanced system with a

constant amplitude f.

f,(t) = fcos (wt+ 6y) (3.10)

2
fp(t) = fcos (wt— ?n +6,) (3.11)
f,(t) = fcos (wt+ %ﬂ + 6,) (3.12)

The space vector representation of this system is:

f@© = (f ® + fb(t)ef 3 +1,(t)e! 3) (fel)elot = felot (3.13)

This space vector f(t) is represented by a magnitude and an angle. Another representation

would be to characterize its real and imaginary part:

f@®) = fo(®) +jfp(O) (3.14)
Clark’s transform gives us the transfer matrix from abc-domain to of-domain is:

11

fa@) -> =5 |[f®

[}C;Eg = fb(t)] l : \/25 [fb(t)] (3.15)
fe(©) £.(0)

Identically, you can go from af-frame to the abc-frame by applying Clark’s transpose matrix:

1 0
O] |1 V3
lfb(t)‘ "2 2 ([ (3.16)
JAG) I I WA

2 2

15



So now we have a new aff-frame with only two components. However, this frame is still rotating.
We are going to introduce a rotating dg-frame from which the rotating values will look constant.

It is defined the following way:

fa@® +jfe(®©) = (fu(®) + jfp())e7¢® (3.17)

We introduce a time-dependent phase shift —e(t) on the space-vector f(t). Based on Euler’s

identities:

fa(®O1 [ cose(t) sin e@®)][fa(®)
fZ(t) B [— sin £(t) cos s(t)] [fﬁ (t) (3.18)
Now to go directly from the abc-frame to the dg-frame we use the Park’s transformation:
1
fa@®7 _ E[ cose(t) sin &(t) |[1 2 2 ]{agg (3.19)
fa@®]  3l—sin e(t) cose(t) V3 V3ll’p )
[0 > 7 fc(t)

2T

[fd(t)]_z cos €(t) COS<€(t)—2?> cos s(t)—— [fa(t)

_ £ (0 (3.20)
fa(®) sin €(t) sin (s(t) —?T[) sin s(t) —— fi(t)]

It is essential to choose the correct value of €(t) so the phasor and the frame rotate at the same

speed.

16



3.1.3 Dynamic Model of the VSC — dg-Frame

It is useful to represent the three phase dynamic equation with phasors under the

assumption that the system is balanced.

) — Vpe——
LT+ Ri(t) = T m(t) — Vg

Applying Park’s transformation (3.19), we can these equations into a rotating frame:

dig de(t) . Ve
LE—L dt Iq+ Rld = de— sd
diq dS(t) . VDC
LE L d Id + qu = mq —2 - Vsq

By setting e(t) = wt + 6,, we can simplify the equations (3.22) and (3.23)

di v,
Ld—;‘—Lqu+ Ri, = md%- -

di . VDC
Ld—tq+LooId+ Rig = mq—- - Vsq

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

As seen in the previous part, the objective of using Park’s transform is that the signal values

(current, voltage, modulation index) are constant values in a synchronous rotating frame. That is

why, at steady state we have:

%

Lwl, + Rig = md% - Vg
Vv,

Lwlg + Rig = mg—- = Vg

17
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3.2 Benchmark #1 — PQ Inverter Control with a PLL (PQ-PLL)

PQ-PLL control (Figure 9) is a widely used control routine, which tracks real and reactive

power references. The power references are then altered and used as current references in the dg-

frame. Here, the PLL output phase angle serves a critical role in obtaining these time-independent

references. The detailed control is developed in [14] and per unitized for the present application.

Both d and g-axis compensators set the system dynamics while the feed forward filters prevent a

peak current at startup.

P
—

Figure 9 — Schematic Diagram of Current Controlled PQ-PLL Inverter
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3.2.1 Current Control in the dg-Frame of the PLL-Based Inverter

The objective of this part is to design a PQ reference PLL based controller. This control
Figure 9 is widely studied in literature. A PQ-reference controller has real and reactive power
references. That is why a current reference signal generator in the dg-frame is used in where the

inputs are Vy pu, Vg pws Pres pur Qres pu-

(1 _2VapuXPresput Vapu X Qres pu (3.28)
! d_ref 3 Vd U qu_pu
Z%puxpefpu VdpuXQ;efpu
==— > - (3.29)
L qref — 3 Vd_pu qu_pu
In order to design the current controller, equations derived in the last part are used.
( 2 dig
My = — (L— + Rig — Lol, + Vig) (330)
VDC
di,
Lmq = E (LE + Rl + Lwl; + Vsq) (331)
Let’s now introduce two control inputs ug and uq defined as
di
ug = Ld—d + Riy (3.32)
= LE + Ri, (3.33)
Injecting (3.30), (3.31) into (3.32), (3.33) we get:
2
myg=-— (ud - L(J)Iq + Vsd) (334)
VDC
mg = - — (ug + Lwly + V) (3.35)
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Now, let’s introduce a compensator Kq(s) that processes e; = izref — iq and provides ug. The

same compensator Kq(s) processing e, = igrer — iq and providing u, will be designed. A simple

proportional-integral (Pl) compensator can easily track ad DC reference command.

k,s + k;
ka(s) = ky(s) = 2—— (3.36)
where:
k== (3.37)
T
R
ki = - (3.38)

where t; is the desired time constant.
Finally, a feed-forward filter is added in order to anticipate and compensate pick currents

during the connection to the grid which is a low pass filter:
(3.39)

G =
ff(s) s+ 1

where 7 is the filter time-constant which needs to be really small (microsecond order) to

compensate efficiently. The current control diagram is presented in Figure 10. It is interesting to

Vpc
-

notice that the output voltage is limited by
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Figure 10 — Current Control Block Diagram

3.2.2 Phase Lock Loop (PLL)

As mentioned, theatrically (t) needs to be equal to wt + 6,To achieve that performance,
the phase-lock-loop (PLL) extracts the frequency from the grid. That frequency will be directly
injected into the dg-transform block in order to make the frame rotate at the same speed as the
signal.

The frequency measurement is based on the fact that for a balanced system the g-
component of the voltage Vsq must be equal to 0. That way, &(t) has to be set in such way that

Vsq=0; meaning that the frame is rotating at the same speed as the signal. However, the expression
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of Vsq is a sinusoidal function Vsq =Vssin(wt + 6o — &(t)), and can’t be used directly as a feedback
signal to regulate £(t). If (t) is initially close enough to wt + 6o then it is possible to state that Vsq
=~ V(wt + B — £(t)). A possible way to do that is to set % (0) = w:(0) = wy, w, being the grid’s

nominal frequency and always keeping w, close enough to w, by putting some boundaries such
as

Wemin < We < Wemax (3-40)

The phase and frequency are both estimated within a single loop (Figure 11). The studied PLL

control loop is composed of a simple PI compensator which has to bring the error Vs, — Vs, Which
is equal to - V%, to 0. The output of the PI compensator is the frequency adjustment. A Voltage-

controlled oscillator (VCO) is used as a resettable integrator every time the result of the integration

reaches 2.
w
Vg 1er=0 W, o GRID,
Va = abc —Va l
V
" O O veo 2o
Ve — dqo —> Vo

Figure 11 — PLL Structure
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3.3 Benchmark #2 — Self-Synchronizing Inverter Control

The self-synchronizing controller has been developed by Joseph Latham, Moath
Algatamin, and Dr. Mcintyre from the University of Louisville with the assistance of Dr. Brandon
Grainger and Zachary Smith both from the University of Pittsburgh and is presented in the article
“Self-Synchronizing Current Control of a Three-Phase Grid Connected Inverter in the Presence of

Unknown Grid Parameters” — IEEE APEC 2020.

3.3.1 General Presentation

A suitable dynamic system model of a three-phase grid connected inverter, as seen in
Figure 12, can be modeled in the natural abc-frame as shown in (3.41) where la(t), In(t), lc(t) are
the three phase currents, Vg, L, and R are the DC-link voltage, filter inductance and resistance,
respectively. The control signals are the three-phase duty cycles Da(t), Do(t), D¢(t), and the grid
parameters are voltage magnitude Vgy(t) and grid phase 6¢z). The grid frequency is naturally related
to the phase by the following formula: w = 6(t). In this paper, the grid phase is unknown so the
standard dg-transformation cannot be utilized for (3.41). Instead an estimated yo-frame is utilized
by performing the dg-transformation using 8(t) in place of 8 (t), where 8(t) is an observed grid-
phase [15] to be designed subsequently. After transformation about 8(t), (3.41) it can be written
in the y6 -frame as shown in (3.42) where the currents and the control signals have been
transformed to the yo -frame, and the grid-phase estimation error is defined and given in (3.44).
Equations (3.45), (3.46) and (3.47), describe the full self-synchronizing controller model. The
validity of the current tracking performance is provided in Figure 12. The stability of the controller
can be proved by Lyapunov theory.
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Figure 12 — General Schematic Diagram of the Current Controlled Self-Synchronizing Inverter
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3.3.2 Detailed Model

4 <

Three- V
+ b
Vbe () phase }
- Converter

£33

41 <

Figure 13 — Three-Phase Inverter Circuit

The first assumption is that we have a three phase balanced system with a single frequency.

cos(0) ]
eq | p 2m |
[eb =V, COS( N ?) (3.48)
€c (9 + 27T>
CoS 3
where V; is the amplitude of the grid voltage.
We can generalize the inverter dynamic equation (3.1) to a three phase system:
Vg I, 1,1 Tea
[vb] =L|I,|+R|I,|+|ev (3.49)
vC jC Ic eC

Assuming a switching average model where the output voltage is directly proportional to the input

DC voltage through the duty cycle, we have:
Vg D,
[vb] = Vac | Do
Ve D,

(3.50)
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where D,, D, D, € [0,1]. Making these substitutions and rewriting, we can obtain the following

three-phase grid current dynamics:

. cos(0)
Iy D, I, 0 2n
L{iy| =Vac|Do|—R|Ib| -V, COS( _?) (3.51)
i D I 2n
le ¢ ¢ cos (0 + ?)

Using the Clarke’s transform presented in 3.1.2, we can transfer this model from an abc-frame into

a af3-frame:

la] _ D Ia] cos @
: [iﬁl = Vac [Dﬁ] R [Iﬁ Y [sine (3.52)

Similarly, transforming this dynamic model into the dq-frame we obtain:

. ljzl = Vac gZ] - [(fL R L] [ﬁz] — [3] (3.53)

where w £ 9.
3.3.3 Estimated Reference Frame Model

Since the angle 6 is unknown, the dq transformation will be executed using an observer 8
that will be presented subsequently. This new transformation is denoted as yé. For this purpose

the following modified dq transformation is defined:

g] =R ;Z] (359)
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where:

Ry 2 cos HA sin HA (3.55)
—sinf cosf@

and for future reference the following inverse transformation:

fa] >_1 fy]
=K 3.56
[fﬁ Polfs (3:56)
where:
Rol = [cos & —sind (3.57)
P sind cos@

An error for the angle observer can be defined as:

6£60-0 (3.58)

Using the inverse of this transformation we can substitute the a8 vectors in the aff-frame model

for y§ vectors such as:

S e-1|Y]) = 1 [Yv] _ po-1|fv] _y [coOs
g dt <KP [15]) Vacks [Da] kK [15] Yo [sin 0 (359)
Multiplying both sides by Kp, we obtain:
~d /. I N D L I _ p
“(rg-1|7]) = -1 || _ -1 |y _ cos
L dt (KP [16]) VacKpKyp [Ds] RKpKp [15] VoKp [sin 0 (3.60)

following simplifications will help to clarify the model:

27



KPKP = I (3.61)

R COS 9] [cos@ (3.62)
smH sin @

d /. [l I =l (3.63)

_ K—l [ V]) — K—l .Y K—l [ V]

7 (K VA T R A

where:

*P—1 — g —SinAé —C?SQ (3.64)

cosd —sind

Making these substitutions into the model we obtain:
I Sl D I 5
14 -1 (v _ v|_ vl _ cos 0
L[i6l+LKPKP [15] = Ve [Da] R[Ia] Vg[ 05 Y (3.65)

sin @

We can further calculate

(3.66)

Substituting this into the above and combining terms we obtain the following y&-frame current

dynamics:

I D _aLll 5
L H e If HLI HEA (3.67)
Is Dsl lgr R |lUs sin @
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3.3.4 Controller Development

3.3.4.1 Assumptions
1. Alpha-beta frame currents I,, I are known
2. Parameters R, L, V,. are known a priori and are constants with respect to time.
3. The grid frequency w and amplitude V, are unknown but are assumed to be positive

constants. Grid phase 8 is also unknown.

3.3.4.2 Observer Objectives and Description

e Sensorlessly identify the phase angle 8 of the grid, i.e. ensure that 8 — 6,8 — 0.

Controller Objectives
» Achieve the reference current values Iy, I5. When 6 =0, I, =1, and Is = I, meaning

reactive and real power can be achieved through equations (3.28) and (3.29) control error

is defined as:

AEIHEH (369

Taking the derivative of these error equations and substituting in the y§ current dynamics we

obtain the following open loop error dynamics (assuming a fix current reference):

I _a1lrl 5 D
LY :If HLl [IV]H/Q[C‘?SQ — Ve [Dy] (3.69)
Is| oL R Ils sin 6 5
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To facilitate the analysis, we make that the error 8 is small and centered about 0. Therefore:

LI_|r -oL [Iy] 17 [Dy]
L[fal_léL R Ils -H{g[siné Vac Ds (3.70)

Based on this equation and the estimation of the grid voltage magnitude I7g, we can define the

following duty cycle control inputs:

plecl, WARMEIf) e

where I?g is an estimate of the grid voltage amplitude.
The angle observer and frequency estimate will be designed in the stability analysis

(Appendix B).

30



4.0 Droop Control Purpose and Implementation

In order to have a consistent comparison, a PQ reference (Figure 14) has been set on the
self-synchronizing inverter control. In order to calculate Iq rer (3.28) and Iq ref (3.29), the PLL
controlled inverter will operate with the measured grid voltage while the self-synchronizing
inverter control scheme will make use of the estimated-voltage; thus, the self- synchronizing
inverter requires less sensing hardware (i.e. no voltage sensors). Furthermore, droop control has
been added to ensure time-variant references for the real and reactive power so the inverter is
responsible for adjusting its generation in accordance with the main grid consumption. The
frequency is linked to the real power through the droop coefficient R, Figure 14 and the voltage is

correlated to the reactive power through R,

—> Id_ref

Reference
Signal
Generator

q_ref

Figure 14 — Droop Control Implementation

31



5.0 Simulations Results and Analysis

5.1 Inverter Validation Simulations

5.1.1 PQ Inverter Control with a PLL (PQ-PLL)

The following circuit, Figure 15, has been used in PLECS in order to validate the PQ-PLL
inverter’s control. A particular emphasis will be given to the current control. At time to the

reference power will experience a 10% drop.

el Step3
Tinv_sbe l! Viny_she
3 ZIS L1 i
Constant JJ’E‘NE : 1 PL?“O L 5t : (9
= T 1 e W N 53 IRE
Ou 1L R3 = B
-bDVcc

f_sw: 3500

Figure 15 — PQ Inverter with a PLL PLECS Model
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Table 1 — PQ Inverter with a PLL Simulation Parameters

Ryuter 1.63x10° Q Kp,,, 2
Lyiter 100x10° H Kipy, 10
Vrig.op 3.3kV kp,. 0.05
f gria 60 Hz ki, 0.815
Vpe 5 kV Pee 0.05
f switching 25x10° Hz Kig, 0.815
TG4 8.107s

::|ﬂ’ 0.05540.815

Winw_d [>
Divide2 I s
v g ’ Compensator.
Tinv_daq Gain Gain10
Delay4  Gaing —W
Divide3 Gainl Gainil
—-D = 0.055+0.815 &
s
Fenl Constant4 Compensator 1
3.3e3/(sart(3))

Discrete
RMS Value
<] vinv_abc

puPL Constants
Y <_I] 1e6

Constant2

droop  puw

pup Constant3

<k 5e6

Figure 16 — PQ Inverter with a PLL Current Controller
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Figure 17 — PQ Inverter with a PLL Current Tracking Performances with the d (up) and g (down) Curren

Reference in Red and the Mesured Current in Green

Figure 18 — PQ Inverter with a PLL - abc Modulation Indexes
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We can see on Figure 17 that the current follows the reference current and the modulation index

(Figure 18) is sinusoidal and its magnitude is inferior to 1.

In conclusion, the simulations validate the presented PQ-PLL inverter control.

5.1.2 PQ Self-Synchronizing Inverter Control

The following circuit, Figure 19, has been used in PLECS in order to validate the self-
synchronizing inverter’s control. A particular emphasis will be given to the current control. At

time to the reference power will experience a 10% drop.

k- L4
& 1 YL |
E }
L | = L5 | ! s
b I — e o1
() v_der £|||—c ' = L6 T—52 &
e 1 | — O | 53 V_3ph
L R6

f_sw: 3500

Figure 19 — PQ Self-Synchronizing Inverter PLECS Model
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Table 2 — PQ Self-Synchronizing Inverter Simulation Parameters

Rfitter 010 K1 2x10°
Ltitter 0.01 H K 20
V grig_pp 3.3kV KV 1000
f gria 60 Hz Kw 100
f switching 25x10° Hz Ve 5 kV

Idgref 44

ook * Ig
il o OF

- o>

i ~ "‘ Igs
Sa "ﬂ droop P| [roop Q
w_hat
(5]

Figure 20 — PQ Self-Synchronizing Inverter Current Controller

| mod —=( )

theta_hat

£_0gs

Figure 21 — PQ Self-Synchronizing Inverter Angle Observer
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40

Figure 22 — PQ Self-Synchronizing Inverter Current Tracking Performances with the d (up) and g (down)

Current Reference in Red and the Mesured Current in Green

Figure 23 — PQ Self-Synchronizing Inverter Voltage Estimation

37



We can see that the current follows the reference current (Figure 22) and that the estimate voltage
is equal, after initialization, to the grid voltage (Figure 23).

In conclusion, the simulations validate the presented self-synchronizing inverter control.

5.2 System Frequency Dynamic Response in a High Renewable Penetration Grid

Simulation Parameters

In order to study the system frequency dynamic response for each inverter case (PQ-PLL
and self-synchronizing inverter) a high renewable penetration grid has been built on PLECS
(Figure 24) based on chapter 2.0. The penetration ratio (Pr) and the inertia (H) are two parameters
that are tuned in order to study the frequency behavior for those cases.

Simulations, which consist in dropping the load by 10% at time to in order to study the
grid’s frequency dynamic behavior, has been carried out in PLECS (time step of 50us) and
normalized by (5.1) for interpretation. Equation (5.1) is the frequency normalization that was

applied in this work, where fo is 60Hz and fsteady-state i frequency after load change.

f@ —fo

fsteady—state - fO

fDnorm = (5.1)
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Figure 24 — Grid Model PLECS

For both inverter’s simulations the grid, and particularly the synchronous generator, parameters,

excluding the inverter itself, are the same. The following table shows all the main parameters.
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Table 3 — Full Grid Model Parameters

General Grid parameters

Vgrig—pp 3.3kV Riine ~
f gria 60 Hz Liine =
Raroop, 5% Load change 10%
Raroop, 5%
Machine parameters
T, 0.1s 2-65
Kch K 1 D 0.01
Tcn 1s a 1
Vief pu 1 Trl 0.02s
Wref 2n60 rad.s? Kg 0.05
K; 0 T 0.46
PQ-PLL Inverter parameters
Ryitter 1.63x103Q Tg,, 8.107s
Litter 100x10¢H ky,, 0.05
f switching 25x10% Hz ki, 0.815
PrLL 2 Kp., 0.05
ki, 10 ki, 0.815
Vbc 5 kV
Self-synchronizing Inverter parameters
Rfitter 01Q KV 1000
Lfirter 0.01H Kw 100
f switching 25x10% Hz K1 20
K 2x10° Vpe 10 kV
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5.3 Results and Analysis

Results are presented for the 4 extreme cases:

e Case (a): Pr=20%, H=2

e Case (a): Pr=20%, H=2

Case (a): Pr=20%, H=2

Case (a): Pr=20%, H=2

Additional results are presented in the Appendix A. All results have been taken in consideration

for the analysis.

Table 4 - PLL (Classic) and Self-Synchronizing (Adaptive) Frequency Response for Pr=20% and 80% and
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Table 5 - Overshoot, Undershoot and Steady-State Ripple for PLL (Classic - Blue) and Self-Synchronizing

(Adaptive - Red) Controls for Pr=20% and 80% and H=2 and 6 Extremities

Max overshoot (%6) Max undershoot (%6) Steady-state ripple p-p (%)

PLL Self-Synch PLL Self-Synch PLL Self-Synch
Case (a): Pr=20%, H=2 38.0 411 10.1 7.3 1.2 <0.1
Case (b): Pr=80% H=2 | 441 36.2 10.6 4.5 4.2 <0.1
Case (c): Pr=20%, H=6 14.3 10.1 25 15 <0.1 <0.1
Case (d): Pr=80%, H=6 14.5 6.3 4.5 21 1.5 <0.1

5.3.1 Impact of Mechanical Inertia

Mechanical inertia has a similar impact on both the PQ-PLL and self-synchronizing
controlled inverter grid’s frequency overshoot. Increasing the inertia lowers the overshoot. For
example, as seen in Table 4 and Table 5, for the Pr=20% case, a 41.1% overshoot for the self-
synchronized inverter with H=2 (Table 4 - a) is observed and only 10.1% with H=6 (Table 4 - c).
Another interesting observation is the hunting effect that is observed for the lower inertia, high
penetration PLL case (Table 4 - b) compared to the self-synchronizing routine. In addition, despite
a higher overshoot in Fig. 5a, the self-synchronized inverter has a second undershoot swing 30%
lower (7.3% against 10.1%) compared to the PQ-PLL inverter. In line with these results, it can be
concluded that both inverters’ overshoot is directly linked to inertia. However, the self-
synchronizing controlled inverter has significantly faster dynamics and a steady-state that is
always reached in less than a second while the PLL controlled inverters cannot reach steady-state

within 3 seconds for low inertia, high penetration grids (Table 4 - b).
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5.3.2 Impact of Renewable Source Penetration Ratio

The renewable source penetration ratio has a direct impact on the grid’s frequency behavior
for each of the inverter scenarios evaluated. Increasing the penetration ratio for the PLL based
control inverter increases the overshoot. For example, for H=2, a +2.1% overall overshoot is
observed when increasing Pr from 20% (Table 4 - a) to 80% (Table 4 - b). This result was already
observed in [5]. On the other hand, for the self-synchronizing inverter, increasing Pr tends to
reduce the overshoot. For example, for H=6 (Table 4 - b), a -8.2% overall overshoot is observed
by increasing Pr from 20% (Table 4 - c) to 80% (Table 4 - d); the overshoot of Table 4 — d is
reduced by half compared to Table 4 - c. This key result can be explained by the self-synchronizing
control itself. Elevating the penetration ratio, Pr, strengthens the role of the inverter control; hence,
the inverter’s adaptive control depends only the current error signals and works to minimize these
current errors. In contrast, the classic PQ-PLL controlled inverter depends on the transient response
of its PLL reaching a new steady-state value in the face of frequency disturbances. Then the
current control scheme within the classic scheme adjusts achieve its control objective. The new
approach removes the slow-response time of the classic cascaded control scheme and achieves

current control in the presence of uncertain grid parameters.
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6.0 Conclusion

A self-synchronizing inverter control has been introduced in this article. After describing
the grid-model, the grid dynamic frequency response to a 10% load change was examined for a
system including PQ-PLL inverters and a new self-synchronizing inverter. First, increasing the
mechanical inertia lowers the frequency overshoot. The self-synchronizing inverter reaches
steady-state significantly faster due to the internal dynamics of the adaptive control by disrupting
the need for a cascaded control scheme. Secondly, increasing the renewable source penetration
ratio tends to increase the overshoot for PLL based inverters while considerably lowering the
overshoot for the self- synchronizing inverters because the adaptive control only depends on the
current control errors signals and not a separate system response. Based upon this study, the self-
synchronizing inverter can improve the performance of traditional inverter topologies in high

renewable penetration (low inertia) environments.
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7.0 Future Work

Future studies can be done on a larger scale grid with a significant number of synchronous
machines and inverter-based sources for a more detailed transient analysis and an improved
frequency dynamic studies.

Another important factor to be studied is the interaction between the PLL based inverter
and the self-synchronizing one. In this study we only modeled inverter 100% PQ-PLL controlled
or self-synchronized. It would be interesting to integrate both inverters into the model at the same
time and mathematically describe their interaction. This analysis is crucial since PQ-PLL inverters
are already installed and those controls won’t be changed. That’s why introducing the self-
synchronizing inverter would be progressive and the “cohabitation” with the PQ-PLL inverters
will be necessary. Predicting this interaction can definitely avoid issues caused by both inverter
types interactions.

Finally, unbalanced conditions need to be taken in account in future works. Faults are an
important component of power system studies. In that case Vqcomponent will be different of 0 so
some adjustments need to be done both in the PLL and self-synchronizing controls. Then a stability

study needs to be done to confirm the self-synchronizing inverter design in fault conditions.
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Appendix A Detailed Results

Additional results are presented in this section. The model and the parameters are the same
that in section 5.2 System Frequency Dynamic Response in a High Renewable Penetration Grid
Simulation Parameters.

The penetration ration (Pr) is equal to 20%, 50%, 80%. For each case, Inertia (H) is equal

to 2,4,6. These results have been taken in account for previous analysis.

Appendix A.1 Results for Pr=20%

Freq. resp. - 10% load change, H=6, Pr=20%
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Appendix Figure 1 - Normalized Frequency Response to a 10% Load Change Pr=20% & H=6
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Freq. resp. - 10% load change, H=4, Pr=20%
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Appendix Figure 2 - Normalized Frequency Response to a 10% Load Change Pr=20% & H=4

Freq. resp. - 10% load change, H=2, Pr=20%
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Appendix Figure 3 - Normalized Frequency Response to a 10% Load Change Pr=20% & H=2
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Appendix A.2 Results for Pr=50%

Freq. resp. - 10% load change, H=6, Pr=50%
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Appendix Figure 4 - Normalized Frequency Response to a 10% Load Change Pr=50% & H=4

Freq. resp. - 10% load change, H=4, Pr=50%
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Appendix Figure 5 - Normalized Frequency Response to a 10% Load Change Pr=50% & H=4
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Freq. resp. - 10% load change, H=2, Pr=50%
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Appendix Figure 6 - Normalized Frequency Response to a 10% Load Change Pr=50% & H=2
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Appendix A.3 Results for Pr=80%

Freq. resp. - 10% load change, H=6, Pr=80%
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Appendix Figure 7 - Normalized Frequency Response to a 10% Load Change Pr=80% & H=6

Freq. resp. - 10% load change, H=4, Pr=80%
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Appendix Figure 8 - Normalized Frequency Response to a 10% Load Change Pr=80% & H=4
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Freq. resp. - 10% load change, H=2, Pr=80%
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Appendix Figure 9 - Normalized Frequency Response to a 10% Load Change Pr=80% & H=2
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Appendix B Stability Analysis of the Self-Synchronizing Controller

Based on the article [16] we can study the self-synchronizing controller stability.

Substituting (3.71) into (3.67) we obtain the following closed loop current error dynamics

S
i “is] v, sind

where V:q is the estimate error defined as f('g 2V, - I7g, which has the following error dynamic

based on Assumption 3 in 3.3.4.1:

i, =7, (2)
We can rewrite the §-axis equation above to obtain the following useful relationship:
%sin§=k175+Lf5 (3)
Taking the derivative of 8 we have:
0=w-—20 (4)

We also define a speed estimate @, with corresponding error @ £ w — @, which has the following

error dynamic based on Assumption 3 in 3.3.4.1:

& =—0 (5)
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To design the angle and frequency observer let’s define a Lyapunov function:

v=tue i v,(1 6) +5 ! — @ + ! 72 6
=5l +5Lls cos @ 2%, (6)

We can see from Assumption 3 (3.3.4.1) that this equation is positive definite in the local region
0 € (—2m,2m). Assuming that 8 is wrapped such that its effective domain is 8 € [—m, ) we
can see that the function is effectively globally positive definite. Taking the derivative of this

function we find:

. ~ ~ ~ ~ A~ ~ 1 1 ~ A~
V=L1y1y+L1515+I{O,esin9+Eaa 7 VYo (7)

Then substituting into this the dynamics for each error signal:

~ X 1 . 1.4
vV = y( kll +V )+15( kils+V, smH) +V smt9(cu—t9) —k—a)w—k—l{qvg (8)
w v
This form motivates the following design for the angle observer update law:
02 &+1I5+V,sing, (9)

We can see that this design is unrealizable due to the unknown signals comprising the 3" term on
the RHS. To make this observer realizable we can make a substitution for the last term based on

the CLED for I to obtain:

820+ (ky + DI+ Lis (10)
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and then integrate both sides yielding the following realizable form:

9=Li8+f[a+(k1+1)i5] (11)

where @ is still to be designed. Note that we do not have a realizable form of 5, which is necessary
for our D), Ds duty cycle control inputs. For this reason, we are compelled to use the subsequently
designed & in its place. Given the relationship between these variables, this substitution is easily
justified.

Substituting the unrealizable form of 9 into the earlier V equation and simplifying we

obtain:
y 72 77 72 T T
V =—kI; + 1,V — kyI§ — V5" sin 0+a)l{q51n9—k—wa)—k—Vng (12)
w 14
This then motivates the following unrealizable design for the speed estimator:
@ =kyV,sind (13)

To obtain a realizable form of this estimator we can use the same substitution as before along with

integration of both sides to obtain:

a=kw(Li5+k1Ji5> (14)

Substituting the unrealizable form into the V equation and simplifying we have:

V= —k 2+ L7V, — k]2 — V2sin2§ ——T, 7, (15)

ky
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Finally, we can design the adaptive voltage amplitude as:

V, & kyl, (16)

which results in the following V:

V=—ky[} —k,I5 — V}?sin® 0 (17)

We can see that V(t) is a negative semi-definite function.

From the form of V'(¢), V' (t) we can conclude that I, I5, sin? 8, @, € Lo,.

e Since ), 8, € L., we can see from CLED for [ that I, € L.,.

e Since @, € L, and from Assumption 3 w, € L., We can see that &, € L,
e Sincel},0,, &, € L, we can see from definition of ée that 56 € Lo
e Since w,, ée € L., we can see from definition of 53 that §e € Lo

e Since IZ, §e € L,, We can see that V € L., thus we can use Barbalat’s Lemma to show

that V(t) — 0 as t — oo and thus that I}, 8, — 0 as t — oo as well.
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