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Summary

This document focuses on the development of generation models for various components
found in modern power systems. The devices studied include generators, their associated con-
trol systems such as exciters (for voltage control), governors (for frequency control), and stabi-
lizers. The work also addresses other elements like power converters. The primary objective
was to take the complex, real-world behavior of these devices, which are usually described by
non-linear differential equations, and reformulate them into simpler multi-linear equations ap-
plying the work from work package 1. Significantly, the models include key non-linear effects
like saturations, trigonometric transformations and other non multi linear functions. These func-
tions were subjected to a reformulation process that gave rise to mathematically equivalent
multi linear models. This multi-linear models maintain the original complexity while enabling
the use of powerful tensor-based tools in the context of TenSyGrid. The ultimate objective of
this multi-linearization is to express the resulting multi-linear equations in tensor form to speed
up the computations.

After the multi-linear models were defined, we proceeded to validate their accuracy. We used
the numerical simulation software, VeraGrid to run time simulations of the different models. The
results from these simulations were then compared against the reference non-linear models.
This comparison confirmed that the multi-linear reformulations were accurate and represented
with fidelity the actual dynamic behavior of the different generation models when integrated
into a complete electrical system. The simulations tested the models across multiple ranges of
transients and steady-state conditions, verifying their reliability under diverse operating scenar-
ios.
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1 GENQEC Generator

The GenQEC (Generator with Quadratic-Exponential Characteristics) model represents a syn-
chronous generator equipped with detailed excitation and control dynamics. It captures the
non-linear magnetic behaviour of the generator, particularly through saturation functions ap-
plied to the main field and armature reaction.

The model was chosen to provide a high fidelity representation of the synchronous machine
dynamics. It is mathematically defined in the d-q reference frame, utilizing rotor flux linkages
(Wq, ¥,) as state variables. The model explicitly captures a big range dynamic response, includ-
ing both transient forces (£}, Ep), while incorporating Quadratic-Exponential saturation functions.
The modelalso includes a big array of non multilinear functions that can be challenging to model
using tensors.
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Figure 1.1: Block diagram of the GENQEC generator. [1]
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1.1 Non-linear model

Parameters
Symbol Description Unit
W Synchronous speed rad/s
R, Stator resistance Q
Xdsat Saturated direct-axis synchronous reactance Q
X eat Saturated direct-axis transient reactance Q
Xysat Saturated quadrature-axis synchronous reactance Q
Xsat Saturated quadrature-axis transient reactance Q
X Saturated direct-axis subtransient reactance Q
Xisat Saturated quadrature-axis subtransient reactance Q
Xis Stator leakage reactance Q
T osat Saturated direct-axis transient time constant S
Tlosat Saturated direct-axis subtransient time constant s
Thosat Saturated quadrature-axis transient time constant S
a0sat Saturated quadrature-axis subtransient time constant s
H Inertia constant S
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Variables
Symbol Description Unit
Uy d-axis flux linkage Wb
v, g-axis flux linkage Wb
Uy Zero-sequence flux linkage Wb
Uig Flux linkage associated with X7, , Wb
Uy, Flux linkage associated with X, Wb
I d-axis current A
I, g-axis current A
Iy Zero-seqguence current A
Va d-axis voltage V
Vy g-axis voltage \
Vo Zero-seguence voltage V
Eq Field voltage \
Ey Transient voltage behind transient reactance in d-axis V
E), Transient voltage behind transient reactance in g-axis  V
0 Rotor angle rad
w Electrical rotational speed rad/s
T Mechanical torque Nm
Ty Windage and friction torque Nm
Saty Saturation factor for the d-axis -
Satg Saturation factor for the g-axis -
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1.1.1 Electrical dynamics equations

w

Vo= — +IX

q,sat
s

w
‘/q = C‘TSE:]/ - IdX(/i/,sat - IqRa

— 1R,

1 d¥
@ = etV
S
E” =FEq + Eg — Xd sat — dsat)

I4(
E” - Edl + Ed2 + 1 ( g,sat — g, sat)
!

"
Xd sat Xd sat B

E/ = Ep— =2 20 E o — Ii(Xgsar — X,
q q1 t+ Fqg2 Xd,sat ngat q2 d( d,sat d,sat)
X - X!
Eél =Eq + Eq2 — WEHQ + Iq(Xquat Xz,] sat)
q,sat g,sat
1" dErIJ/ _ thi,sat - X(/i/satE )
d0,sat dt Xd sat — X(/jlsat q
T/E) dEél/ . thj,sat thzl,satE o
. =
A dt Xq,sat ngat
, dEC’I
TdO,satW = Efd,sat - qu
dE’
(;O,satditd =—En
1.1.2 Swing equations
dé
— =W — Ws (1.1)
dt
2H dw
— =T, Wal, —V,1 T (1.2)
o, di (Vg gla) = Tw
Electrical Torque Equations
v, = \Il;’ I X(’I’wt =—FE—1 X;’Sat (1.3)
\I’d = g - Iddeat - E:]/ - Iddeat (14)
Telee = \I’qu - lI’qu (15)
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Transient Internal Voltages

Eqg =E! + (E

Eq = Ej+ (E;— E})

Ep=—(E

Eqy = —(Eg — Eq)

5

" " !
deat - deat o deat - deat El deat B Xq El/

_ _ (1.6)
1 ) Xdsat — X(,isat Xdsat — thisat ! Xdsat — Xc/lsat !
quat — X(lllsat _ quat - lel,sat E quat — Xéi E" (17)
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Xdsat = Xisat | 7 ox, (1.8)
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1.1.3 Saturations

Xdsat = X‘%;;f + X (1.10)
Xosat = X‘é;f + X (111)
Xisat = X%C;(;Xl + X (1.12)
;X=X
Xysat = Sat, + X (1.13)
Xdsat = dec;j(l + X (1.14)
Xgsat = XqS;t;Xl + X (115)
Taosat = ;(Elgd (116)
Tgosar = ;Ti)q (117)
T = g 018
To0sat = ;;‘ji)q (119)
Efdsat = g tiz (1.20)
X, — X,

Xndsatlfa = (Xasat — X1) I pq = Ipq 1.21)

Saty

114 Changes in saturation calculation

The three following functions are the most commonly used to calculate the saturation:

+ Quadratic:
Sat(z) = B(z — A)?

Used in GE PSLF and PowerWorld Simulator [1].

+ Scaled Quadratic:
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Used in PTI PSS/E and PowerWorld Simulator [1].

- Exponential:
Sat(x) = Bz
Used in BPA-IPF and some specific models of PTI PSS/E and PowerWorld Simulator.

It is important to note that these saturation functions are only active when x < A. This can
be expressed as follows

T fr<A
Sat =<7 - (1.22)
actual () {Sat(x), ifz > A
In the simulator we model this condition as:
1 .

+ Hard Saturation:
Sat(x) = A(.CC — B) 1{x>B}

\We also add a Hard Saturation to test the multilinear reformulation of non continuous equa-
tions.

In this case, the variable will be the magnetic flux

Se = Sat(Vayg)

which is calculated using the air gap voltage as follows:

Ws
— 2 2
Wag = v Viiag T Viag

where

Vq,ag = ‘/q + IqRa + I;X; and Vd,ag =Vyg+ IR, — Ile

Then, the saturation of each axis is calculated as:

Satg =Saty =1+ 85,
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1.2 Grid Interface Equations

The generator is connected to the grid through the following equations:

Vi — (=Vysin(éy — 9)) = 0, (1.24)
Vy — (Vg cos(dg — 0)) =0, (1.25)
Py — (Valg + Vgly) =0, (1.26)

Qg — (Vglg — Vyly) = 0. (1.27)

where Vy, é4, Py, Q4 are the voltage magnitude, voltage angle, active power and reactive power
at the bus where the generator is connected. This equations are the power balance equations
at the bus expressed in the dq reference frame of the generator.

1.3 Multilinear model

The main non multilinearities in the model arise from division that can be easily multilinearized
by multiplying accordingly and by the saturation. We focus on finding multilinear equations for
these second variables. In the following section we use the work of [2] to multilinearize the
different saturation functions that are defined by rational or exponential functions.

For this we take the equation:

ws
— 2 2
Vag =7/ Visag T Vidiag

which then becomes the following by adding the auxiliary variables u"e, uVa, u®, u¥es:

uV = Va9 (1.28)

Ve = Va,ag (1.29)

W =w (1.30)

ules =W, (1.31)

Wogu?e (14 w) (14 u®) = u iV + 01V, 49 (132)

Now we take the equation:
Sa = Sat(¥eq)

The type of saturation changes the multilinear expression, beginning with the quadratic we get
that:
Sy = B(¥y, — A)? (1.33)
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uber =W, (1.34)
Sy = B(Vgy — A)(u¥e — A) (1.35)

We do the same for the scaled quadratic saturation:

_ 2
Sa == B (\Ijiag A)
oy
uber =0, (1.36)
UoySa = B(Vyy — A)(ues — A) (137)

And for the exponential saturation, if we suppose A = P ith p,q € N and add max(p, q) auxiliary
q

variables we get that:

'U;Pag = \Ilag Vi € {17 maX(pa q)} (1.38)
q

ules = T (v} — A) (1.39)
i=1

L "

ug’w - H(Ui 9 _ A) (1.40)
=1

uy*Sq = Buy s (1.41)

(1.42)

This reformulation can actually be simplified by using a smart reordering and using logs (max(p, q))
new auxiliary variables instead of max(p, q) [2].

Additionally, we also need to make sure the saturation is only active when A > 0. In the non multi
linear model we achieved this by adding the constraint Satacwal(z) = 3(Sat(z) + /Sat(z)?) we
add the following auxiliary variables to multilinear the expression. Where 1.47 and 1.48 ensure
w1 and v; are positive and 1.46 ensures u; = |z|.
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where we have that

Satactual(x) = Satactual (33) 1.>4

1
Satactual(x) = 5(37 + Ul)

U1U2 = TLaqux

V1V2 = U1

wlwy = V1
T = Taux

Ul = Uy

V1 = V2

w1 = Wy

In the end the saturation equation becomes:

TenSy = Grid

(\I’ag — B) = UlU — V1V2 (1.52)

urugv vy = 0 (1.53)

up —uz =0 (1.54)

v — vy =0 (1.55)

(1.56)

uug = max(¥yg — B,0) vivg := —min(¥qy — B, 0) (157)
Sa = Aujus (1.58)

Finally, we tackle the change of variable of the cos and sin functions that appear in the grid
connection equations. We follow the work of [3] by adding the auxiliary variables u®s, u* and
add the following equations. This reformulation is a simplified version of the one found in [3]
where the normalizing term is avoided.
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u®® 1= cos(dy — 0) (159)

u™ = sin(J, — 0) (1.60)
O (000

o " ( ot at) 61
ousm (06, D6

1.4 Validation

()

Bus1——

Bus 2 ——
©

For the validation we study a grid consisting of two buses, one generator connected to the first
bus, and a load connected to the other bus. Both buses are connected through a line. The
system is represented in 1.2. The GENQEC generator is connected to the first bus with no other
components (such as governor, exciter, etc) to simulate those we fix the values of the mechanical
torque and the excitation field voltage to the specific amounts that make the setup behave in
stationary regime. The GENQEC generator parameters used in the simulation are shown in Table
1.1 and the saturation chosen is the hard saturation.

Figure 1.2: Validation Setup.

The objective of the simulation is to compare both models' transient response when a distur-
bance in the grid happens. For this purpose we run a simulation using the software tool VeraGrid
[4] and we add a sudden loss of load at at = 1s of 0.1 p.u. in the second bus. The simulation is
initialized and then runs for 5 seconds. The chose the Midpoint Implicit Euler method to solve
the differential equation with a time step of 1e 2.

We compare the results of the reference and multi linear models. We observe that the results
are very similar, particularly the saturation, cosine and sine functions which are the most critical
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Table 1.1: Generator and System Parameters

TenSyll’Grid

Parameter Description Symbol Value Unit
General System

Nominal Frequency In 50 Hz

Inertia Constant M 35 S

Stator Resistance R, 0.003 p.U.

Reactances

Synchronous Reactance (d-axis) Xy 1.8 p.u.

Synchronous Reactance (g-axis) Xy 17 p.u.

Transient Reactance (d-axis) X/ 0.3 p.u.

Transient Reactance (g-axis) X 0.55 p.U.

Subtransient Reactance (d-axis) X/ 025 p.u.

Subtransient Reactance (g-axis) X{Z’ 0.25 p.U.

Leakage Reactance X 0.15 p.U.
Time Constants

Transient Open-Circuit TC (d-axis) T 8.0 S

Transient Open-Circuit TC (g-axis) 40 04 S

Subtransient Open-Circuit TC (d-axis) Ty 0.03 S

Subtransient Open-Circuit TC (g-axis) T 0.05 S

Saturation Parameters

Saturation Threshhold A 10 None

Saturation Scaling B 5.0 None
Setup Constants

Fixed Mechanical Torque T 0.0961 p.u.

Fixed Excitation Voltage T 596 p.u.

variables because of the reformulation. Other variables such as the frequency (omega) and the
angle also coincide. Numerically, both simulations have a similar performance.

1.4.1 Quadratic Saturation

In this test we run an identical setup except for the type of saturation used in the generation.
In this case, we chose the quadratic saturation. We also change the values of the mechanical
torque and the field voltage to still start in steady state to T,,, = 0.0746p.u., E;q = 0.853p.u.

In this particular setup we observe that the generator starts with an active saturation Sa > 0
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Figure 1.3: Simulation Results Comparison for the Hard Saturation Setup.

which then converges towards 0 after the loss of load. The multi linear and reference simulation
are also extremely similar.
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Figure 1.4: Simulation Results Comparison for the Quadratic Saturation.
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2 |[EEEG1 Governor

The IEEEG1 governor represents a classical steam turbine speed control system that adjusts
the mechanical power T, in response to frequency deviations in the generator. The governor
therefore directly controls the active power balance of the entire unit, ensuring the generator
remains synchronized with the grid.

The IEEEG1 governor is a speed control system for steam turbines that translates the speed
error (Aw) through gain and lead-lag compensation to derive a desired steam flow. The model
strictly incorporates physical constraints, including rate limits and position limits on the valve
(represented by the hard saturations), before distributing the resulting steam flow across cas-
caded turbine stages to calculate the final mechanical power (P,,).
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Figure 2.1: Block diagram of the IEEEG1 governor. [5]
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Variables
Symbol Description Unit
w Generator (rotor) speed pu
P, Electrical power output pu
Pres Reference (commanded) power pu
Prwset Power setpoint pu
1o Feedback signal -
0 Power transducer output pu
e Control error pu
€sat Saturated control error pu
Y3 Integrator state of PI controller pu
T Mechanical power (turbine output) pu
Y2,1 Valve rate command (after limiter) pu/s
Y2,2 Valve position (integrated signal) pu
Y2,3 Valve position (after mechanical limits) pu
Y31 Reheater stage 1 output pu
Y3,2 Reheater stage 2 output pu
Y3,3 Reheater stage 3 output pu
Y34 Reheater stage 4 output pu
Taux Auxiliary torque/power correction pu
et Integral state of the auxiliary Pl controller pus
uq Speed deviation pu
9 Intermediate control signal pu

Table 2.1: Variables of Governor Model
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Table 2.2: Parameters of Governor Model

TenSyll’Grid

Symbol Description Unit
K, Proportional gain of load controller -

K; Integral gain of load controller st
Thelec Electrical power transducer time constant S
Peto Base reference power offset pu
Wref Reference speed pu
€min. €max Error saturation limits pu
Lnin, Tmax Integrator saturation limits pu
K Governor gain (inverse droop) -
Prax. Poin Mechanical power limits pu
U. U, Valve closing and opening rate limits pu/s
T, T, Lead-lag time constants (governor input) S

T; Valve actuator time constant S

Ty, Ts, T, Tk Time constants of reheater and cross-over stages s
K1, Ky, K3, K4 Steam fractions (stage gains) -
K9, KZ(C) Pl gains of auxiliary controller - s
Py Scaling coefficient for auxiliary control -

Power Measurement Dynamics The transducer delay is represented as a first-order transfer

function:

Vi) 1
Pe(s) 1+ STpeLec

which corresponds to the time-domain equation:

Error Calculation

dy1
T — =P,
pelec dt + 1 e

e = (—w + wrer) fo + Prwset — Y1

(2.1
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After applying saturation limits:

€max; ife> €max
€sat = Hardsat(e, €min, emaX) =436 if emin < € < emax

€min; ife< €min

Integral and Proportional Action The integral term is defined as:

E = Kjesat

and the final reference power output is:
Pt = Prefo + ersat + Y3

or equivalently:
Pt = Pefo + er + Y3

2.1.1 Governor Model

The governor model represents a reheat steam turbine governor with optional control loops for

power-frequency regulation.

Speed Deviation and Lead-Lag Dynamics

Uy = W — Wref
Yl(S) o 1+ 5Ty
ur(s) 14 sTy

dy: duy
T —— =T5——
1dt + 1 th + uq

Valve Control Loop

T2 = Prpref — Ky1 — 423
_ T2

=7

y2,1 = Sat(y27 U07 UO)

Y2

(2.11)

(2.12)

(2.13)
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Valve position integration:

dya 2
= = (2.14)
i Y2,1 4
and mechanical valve position (limited):
Y23 = Hardsat(yQ,?; Pmin7 Pmax) (2,15)

Reheater and Cross-Over Stages Each reheater stage is represented as a first order lag:

d
Ty U3,1 + Y31 = Y23 (2.16)
dt
d
T Y52 4 Y32 = Y31 (217)
dt
d
T 2025 Y33 = Y32 (2.18)
dt
d
17 ZCJ;A + Y34 =933 (219)
Mechanical Power Output
T = Kiys1 + Kaoys o + K3ys s + Kayza + Taux (2.20)

Additionnally, the parameters always K1, Ka, K3, K4 satisfy:

Ki+ Ko+ K3+ Ky=1 (2.21)

2.2 Grid Connection

The governor model takes it's input from the generator through the speed deviation w and out-
puts the mechanical power T,, to the generator model.

2.3 Multilinear model

The only non multilinearity in the model arises from the saturation blocks. We focus on finding
multilinear equations for these blocks. Applying [2] we can express the saturation as:
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HardSat(@, Zmin, Tmaz) = Tmin + (T = Tmin) Lzsanm) = (T = Tmaz) Lzsomae) (2.22)

= Tmin + (T — Trmin) T — (T — Trmaz) T (2.23)

Therefore we add to the model the following equations and auxiliary variables for each satura-
tion block:

(T = Tymin) = Uruz — V1V2 (2.24)
U1Uav1Vy = 0 (2.25)
up —us =0 (2.26)

v] — vy =0 (2.27)
(2.28)

(.%' — 1'maz) = U3U4 — V3V4 (2.29)
uguqv3vy = 0 (2.30)
uz —ug =0 (2.31)

v3 —vg =0 (2.32)
(2.33)

HardSat(z, Zmin, Tmaz) = Tmin + U1U2 — uzuy (2.34)

This way we replace the saturations on e, y2 2 and ys 3 by multi linear equations.

2.4 Validation

To extend the validation, we repeat the previous test but now including the governor model. The
generator is equipped with the IEEEG1 defined previously, the remainder of the setup remains
unchanged. The mechanical torque is no longer fixed, as the governor reacts dynamically to
the active-power disturbance introduced at t=1 s. The trajectories of frequency, mechanical
power, and rotor angle are again extremely similar, confirming that the governor dynamics are
reproduced accurately.
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Table 2.3: Governor-Turbine Model Parameters.
Symbol Value Description

Governor Gain and Limits

1/R 10.0  Governor Gain (Inverse Droop).

Prax 2.0 Maximum Mechanical Power output limit (pu).
Ppin 0.0 Minimum Mechanical Power output limit (pu).
U. -0.1  Maximum valve closing rate limit (pu/s).

U, 0.1 Maximum valve opening rate limit (pu/s).

Time Constants (All in seconds)

T 1.0 Governor actuator response time.
15 1.0 Steam Chest/Reheater time constant.
T 10.0  Crossover/Reset time constant for the loop.
T, 02  High Pressure (HP) Turbine stage delay.
T5 0.5  Intermediate Pressure (IP) Turbine stage delay.
Ts 0.1 Low Pressure (LP) Turbine stage delay 1.
1% 0.05 Low Pressure (LP) Turbine stage delay 2.
Steam Fractions (Distribution Factors)
K; 0.5 Fraction of power from the HP stage (Ty).
Ko 0.5 Fraction of power from the IP stage (T5).
K3 0.0  Fraction set to zero (not used in this configuration).
Reference Inputs
Wref 1.0 Reference speed (nominal synchronous speed).
Pey 0.096 Initial steady-state mechanical power setpoint.

In the simulation, we observe that the governor adapts the mechanical torque delivered by the
generator. We can see the hard saturation working properly when ys 340, IS €qual to zero since
the governor can not deliver less than 0 torque.
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Time [s]

Figure 2.2: Simulation Results Comparison for the governor validation.

[,

Page 31 of 78

TenSyGrid D 3.2



3 AC1C Exciter

TenSy = Grid

The exciter provides the direct current field current to the rotor of a synchronous generator. By
regulating this field current, it controls the generator terminal voltage and reactive power output,
maintaining the desired voltage level under varying load and network conditions.

For this study, we selected the IEEE Type AC1C model, which represents an excitation sys-
tem (rotating exciter) using non-controlled rectifiers. This model was chosen because it is a
widely accepted industry standard that accurately captures the dynamics of field-controlled
alternators, including magnetic saturation, and realistically represents the excitation systems
commonly found in thermal power plants.

3.1 Non-linear model

VueL

VRer
+ +] +
» I » X

WV
5 VsgLsum

®

Figure 3.1: Block diagram of the AC1C exciter. [6]

VoeL WueL VoeL
@ V,a,ma)( @ @ EFEma:
=
1+sTe Ka > Hy LV Ere Erp
- AC E—
. 14sTg 14sTa |Va » 9ate gate rotating
|/ ’—' exciter
V ami Eremi (a)
Ve " Vscrvel ' VscLoel ™ lrp
sKr Vre
1+sTe |
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Variables

Symbol Description Unit
Ip Rotor current pu
Vy Stator voltage pu
Etq Field voltage pu
Vpss Power system stabiliser output pu
Us ref Reference voltage pu
Ve Internal exciter voltage pu
Ve Exciter field current signal pu
Ey¢e Exciter field voltage pu
Uaux Auxiliary algebraic variable pu
Ve hax Exciter field voltage limit variable pu
UscL Stator current limiter signal pu
UorL Over-excitation limiter signal pu
Uvugl, Under-excitation limiter signal pu
UscrLuer, Combined stator/under-excitation limiter signal  pu
Pscr, Stator current limiter selector position -
Pogr, Over-excitation limiter selector position -
Pugr Under-excitation limiter selector position -

TenSy = Grid
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Parameters
Symbol Description Unit
K, AVR gain -
Ky Exciter rate feedback gain -
K. Rectifier loading factor -
Ky Demagnetising factor -
K, Exciter field resistance constano -
ta AVR time constant2 S
tp Lag time constant s
to Lead time constant S
te Exciter field time constant S
tp Rate feedback time constant S
tr Stator voltage filter time constant s
Ap Saturation gain (0.02) -
Bg Saturation exponential coefficient -
Vi hax AVR output upper limit pu
Vi min AVR output lower limit pu
hemax  Exciter field voltage upper limit pu
emin  ExCiter field voltage lower limit pu
Vi Exciter output lower limit pu
Vi max  Exciter field current upper limit pu
Tol Limit tolerance -

3.1.1 Equations

Lead-lag compensator:

dy 1
Volt filter — = —(V, —
oltage filter:  — tR( 9 — Y1)
dyg 1
Rate feedback: = = — (K{Eq — y2)
dt tr

Amplifier: tags+ys = Ko y3

Limiter:  ys = Sat(y,

Ve

a

,min’

tpys +ys =tce+e,

|

a,max

TenSy = Grid

e=—-y+ Us,ref + Vpss — Y2 (3.3)

)
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Selector logic  The exciter voltage Ey. is computed through the following equations depend-
ing on the status of the limiter signals and selector positions, for the stator current limiter (SCL),
over-excitation limiter (OEL) and under-excitation limiter (UEL). This selectors are optional.

y5,1 = min(Uscr, ys5) Psc(Pscr — 1) + y5(Pscr — 2) (3.6)
ys,2 = min(UogL, ¥5,1) PorrL(Poer, — 1) + y5,1(PorL — 2) (3.7)
Y53 = max(UugL, ¥5,2) PueL(PukL — 1) + ¥5,2(PUEL — 2) (38
Y54 = max(UscLuEL, ¥5,3) PsoL(Pscr — 1) + y5,3(Pscr, — 2) (3.9

ye = Sat(ysa, EYL . ERY ) (3.10)

fe,min’ ' fe max

Efe = ys (3.11)

Sub-exciter model

21 = Vi s — Kalr (3.12)

errory = Efe — (K4l + taux) (3.13)

te dver = error; (3.14)
dt

V, = Hardsat (VP Vi, VP 315)

Upux = VoK + Vo AE e BEVe (3.16)

Pex = épiﬁg;ﬁ%ﬁ (317)

Sinput = K‘C/jR (3.18)

foutput = Frectifier (finput) (3.19)

Eftq = foutput Ve (3.20)

The rectifier function can take multiple forms, here we define as defined in the IEEE standard
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recommendation [6]:

0.577 I, if In <0

(1 —-0.5771y), elseif 0 < I, < 0.433

Jexe(In) = 4 ,/0.75 — 12, else if 0.433 < I, < 0.75 (3.22)

1.732 — 1.732 1, elseif 0.75 < I, < 1.0

0, else I, > 1.0

3.2 Grid Connection

The exciter takes multiples inputs from the generator and other components:

- V, the bus voltage magnitude in p.u.
+ Vpss the stabilizer output in p.u.
+ I, the rotor current in p.u. that is expressed as E,;Sat, in the generator model.

* Uorr. Uym. Uscr the limiter signals in p.u. that are computed in the over/under excitation
limiters.

And then outputs the field voltage Ey4 to the generator model.

3.3 Multilinear model

We change the hard saturations and the non linear rectifier function to multilinear equations. For
the hard saturation we again use the apply the positive part decomposition and [2].

(ya — Valjznn) = UjU2 — V1U2 (3.22)
u UV U3 =0 (3.23)

up —uz =0 (3.24)

vy —v2 =0 (3.25)
(3.26)
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(Y45 V) imin) = u3ua — v304 (3.27)

uszuqv3vy = 0 (3.28)

uz —ug =0 (3.29)

v3 — vy =0 (3.30)

(3.30)

HardSat(ys, V) ins Vimax) = Vimin + U1tz — +ugug (3.32)

For the rectifier function we first use the Heaviside H(x) function to rewrite it as:

fere(In) = 0.577 Iy H(~Iy) + [(1 = 0.577 1) — /0.75 — I3| H(0.433 — I)

+ [\0.75 = 12 = (1.732 = 1.732 1) H(0.75 — I) (333)
(1732 — 1.732 1) H(1.0 — I,)

Then we use the positive part decomposition to rewrite each Heaviside function and add the
corresponding multilinear equations. We first rewrite H(—1,,) as:

—Ip = urug — V1V2 (3.34)

urugvivg =0 (3.35)

up —us =0 (3.36)

v —v2 =0 (3.37)

(3.38)

H;p, = H(-I,) (339
—1, = uju X H]n — v1v2(1 — an) (3.40)
(3.41)

We then repeat the same process for each Heaviside function in the rectifier equation. Addition-
ally, we need to consider that multiple heaviside functions are present at the same time, so we
need to compensate for that by adding the cancelling terms of the overlapping regions. This is
helped by the fact that each heaviside function is greater or equal than the previous one.
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3.4 Validation

We run the same experiment but enabling the exciter. In this case, the field voltage is controlled
dynamically by the excitation system rather than being kept constant. The load perturbation at
t=1 s triggers the expected voltage-regulation response. The time series shows a very similar
output, which validates the implementation of the exciter in the multi-linear framework.

Table 3.1: Exciter Model Parameters (IEEE AC1C Structure)
Symbol Value Description
Automatic Voltage Regulator (AVR) Parameters
K, 50.0 AVR proportional gain.
T. 0.2 AVR time constant (s).
Vi, max 20.0  AVR output maximum limit (pu).
Va,min —10.0  AVR output minimum limit (pu).

T, 10.0 Lead-lag: Lag time constant (s).
T. 1.0 Lead-lag: Lead time constant (s).
Tr 0.02  Stator voltage filter time constant (s).
Exciter Field and Saturation Parameters
Kg 1.0 Exciter field resistance constant.
Ap, 0.02  Gain of exciter saturation function (Submodel.
Bg. 01 Exponential coefficient of exciter saturation (Submodel).

Efemax 500  Maxexciter field voltage (AVR input limit) (pu).
Ete min 0.0 Min exciter field voltage (AVR input limit) (pu).
Rectifier and Stabilization Parameters

Ky 0.03  Exciter rate feedback gain.

Tr 1.0 Exciter rate feedback time constant (s).
K. 0.2  Rectifier loading factor.

Ky 01  Demagnetizing factor.

More specifically, 3.2 shows the output of the fied voltage E¢4 and the exciter output voltage
Ey.. We observe that the results of these internal variables coincide for the multi linear and the
reference model.
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Figure 3.2: Exciter internal variables in simulation results.
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4 PSS1A Stabilizer

The power system stabilizer (PSS) improves the dynamic stability of a synchronous generator
by providing a supplementary control signal to the exciter. It introduces a damping torque that
counteracts power oscillations following disturbances, helping to maintain steady operation of
the power system.

The power system stabilizer works by sensing an input signal related to the generator's speed
or accelerating power, which indicates the onset of oscillations. This signal is first processed
through different filters and then processed in order to compensate the possible voltage oscil-
lations. The output signal is then relayed to the exciter.

VSTmax

Vs 1 sTs 1 1+sT; 1+sT; / Vs
—> » Ks [ > 7 —> >
1+sTg 1+sT5 1+As+A.s 1+sT, 1+sT,y /

VsTmin

Figure 4.1: Block diagram of the PSS1A stabilizer. [6]
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4.1 Non-linear model

Parameters

Table 4.1: Parameters of the Power System Stabilizer

Symbol Description Unit
Aq Notch filter coefficient 1 -
Ay Notch filter coefficient 2 -
K Stabilizer gain -
t1 Lead time constant S
to Lag time constant S
t3 Second lead time constant S
ty Second lag time constant S
ts \Washout time constant S
te Transducer time constant S

Vessmax Maximum stabilizer output Limit - pu
Vessmin -~ Minimum stabilizer output limit ~ pu
SNom Nominal apparent power pu

Variables

Table 4.2: Variables of the Power System Stabilizer

Symbol Description Unit
w Generator speed deviation input pu
Yy Transducer output (filtered speed signal)  pu
Yo \Washout block output pu
Y3 Notch filter output pu
Y4 Lead-lag 1 output pu
Y5 Lead-lag 2 output (before limiter) pu
Vpss Stabilizer output voltage signal pu
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te% +y=w
t5% +y2 = t5 Ksy
AQCZJ;’ + A1% + Y3 = Y2 41
752% +Ys = tl% + Y3
754% +ys = 753% + Y4

Vbss = sat(ys, Vess mins Vessmax)

4.2 Grid Connection Equations

This component is connected to the grid using the following equations:
-+ wis an input that comes from the generator's angular speed.

-+ Vpss is an output that is added to the exciter's voltage reference signal.

4.3 Multi Linear model

The only non multi linear equation in the model is the saturation block at the output. To refor-
mulate it using multi linear equations we use the positive part decomposition:

(Y5 — Vpssmin) = uruz — v1v2 (4.2)
uugv1v2 = 0 (4.3)

upr —ug =0 (4.4)

v — vy =0 (45)

(4.6)

Page 42 of 78 TenSyGrid D 3.2



TenSyll’Grid

(Y5 — Vssmax) = u3uyg — v3v4 (4.7)

ugug4v3vy = 0 (4.8)

uz —ug =0 (4.9)

v3 —vg =0 (4.10)

(4.11)

HardSat(ys, Vess min, Vessmax) = Vpssmin + u1uz — uzuy (412)

4.4 Validation

We include the power system stabiliser on top of the governor and exciter. The same simple
two-bus system and load variation are used to isolate the effect of the PSSA1. Once again,
the responses obtained with the multi-linear model are very similar to those produced by the
reference model, demonstrating that the PSS dynamics are captured correctly. We see in 4.2
the previous exciter internal variables as well as the stabilizer's output signal Vjs.

Table 4.3: Power System Stabilizer (PSS) Model Parameters

Symbol

Value Description

Gain and Limits

K,
VPSS, max
Vpss, min

20.0  Stabilizer Gain. Scales the output signal.
1.0 Maximum stabilizer output limit (pu).
1.0 Minimum stabilizer output limit (pu).

Compensation Time Constants (Lead-Lag/Notch)

Ty
Ty
T3
Ty

0.02 Lead Time Constant (First stage, s).
01 Lag Time Constant (First stage, s).

0.02 Lead Time Constant(Second stage, s).
01  Lag Time Constant (Second stage, s).

Filters and Transducer

T
Ts
Ay
A

10.0  Washout Time Constant (s).
0.02  Transducer Time Constant (s)
1.0 Notch Filter Coefficient 1.

1.0 Notch Filter Coefficient 2.
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Figure 4.2: Stabilizer Simulation Results Comparison.
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5 OEL2C Over excitation limiter

5.1 Non-linear model

The excitation limiter (OEL) supervises the field current or field voltage of the excitation system
and prevents over-excitation of the generator under prolonged high reactive power conditions.
The model includes current scaling, ramping, and activation/reset logic according to time de-
lays and thresholds, as well as a PID controller that outputs a voltage limiting signal Vgl

ac‘ﬁ'::lll_ion lbias VoELmaxa W OELmax2 WV OoELmax1
logic — [ [ [
(@) oot SKpoel | 1+sTcose| | 1+STctcel
Kpoar+ + > > >
s  1+sTpoe 1+sTezoel 1+STei1cel | Woe,
_/ _ _

VOELminS I\""OELmiHQ VOELmin‘l TFCL

Iins1 +
1\ OEL Ter _

1 ) 1 _ |ramp rate
1+STA.C|GI -‘I S Iogic
"*' — ‘Lo I Tim
OEL | -
input KscaLe pu . " lerRRin
(d) 1+5Troa K4 [{lpufl-n:pu}m—‘1 |
@ ITFpu VINVmax Tmax
=
2 / W 1
. Ka[(lpu/lrrpu)=—1] | *  OEL + T
- |i ERRinv2 timer _
logic _
Vinvmin (c) Trin
Kre [+

Figure 5.1: Block diagram of the OEL2C over exciter limiter. [6]

Parameters

Page 45 of 78 TenSyGrid D 3.2



TenSy = Grid

Table 5.1: Parameters of the Excitation Limiter Model

Variables

Symbol Description Unit
Ten Enable timer constant S
Tof Reset timer constant S
Troel Current transducer time constant S
Taoel Averaging filter time constant S
Tdoel Derivative time constant for PID control S
Thin, Trmax Minimum and maximum lag time constants S
Tl Field current limit constant S
Kpoel Proportional gain -
Kioel Integral gain -
Kyoel Derivative gain -
K, Kq Ramp-up and ramp-down gains -
Ko, Zero ramp-up gain -
Kot Active current gain -
K, Ky Inverse characteristic coefficients -
K, Feedback gain -
Kecale Scaling factor (field rated/base) -
Lty Field current per-unit threshold pu
Ithof Reset threshold current difference pu
Treset Reset bias current pu
Tinst Instantaneous current limit pu
Lim Minimum current limit pu
Voelmins Voelmax Output voltage limits pu
Vivmins Vinvmax ~ Inverse characteristic limits pu

Cl ; CQ
SWq

Exponent constants for inverse characteristics

Switch for ramp logic activation
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Table 5.2: Variables of the Excitation Limiter Model

Symbol Description Unit
Ery Exciter output voltage (input option) pu
If Field current (input option) pu
Ve Field voltage feedback (input option) pu
Iny Scaled field current signal pu
Terrinvis Lerrinve  INVerse error signals pu
w Logic control signal for ramp logic pu
T OEL internal timer variable S
Terr Timer error signal pu
I Ramp control current pu
Les Current reference signal pu
Lot Active current signal pu
Ipias OEL bias control term (activation state) pu
Terr Error input to PID block pu
Voel Limiter output voltage pu
Voel sat Saturated limiter output voltage pu

5.2 Current Scaling

The first stage converts the selected input signal (field voltage Exy, field current Iy, or exciter
feedback voltage Vz) into a per-unit signal on the field winding base:

K. scale

=——1 (51
1+5Troel input 5

Ipu

where K4 Scales the signal from the generator MVA base to the field current base, and Tioe;
represents the small delay of the measurement transducer.

5.3 Inverse Characteristic and Activation Reference

To produce a nonlinear activation behavior, two inverse functions are defined:

I C1 I Cs
Ierrinv1 =K a -1, Ierrinvz = Ky Pu -1 (5-2)
Itf,pu Itf‘pu
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These functions increase sensitivity when the excitation exceeds its nominal value I, creating
a smooth transition into the limiting region.

5.4 Timer Logic

The timer logic determines when the OEL should activate or release control. It uses an internal
variable T governed by:

dT
ﬁ =W — K Sat(T) Thin, Tmax) (5.3)
where

When the excitation is below the threshold (I, < Ifp). the fixed ramp-up constant Fixedry
dominates, keeping the timer near zero. When excitation exceeds the threshold, Fixedgp drives
T upward, initiating the enable process. The feedback gain Ky, limits the timer growth and
prevents instability. The timer error

Terr = chl -W - be . sat(T, Tmina Tmax) (55)

is then used as the main signal for enabling and resetting the limiter.

Ramp Logic Once the OEL approaches activation, the ramp logic defines how fast the excita-
tion is reduced. Two ramp slopes are defined:

-+ Ky ramp-up coefficient (active when the current is below the limit),
- K.q. ramp-down coefficient (active when the current is above the limit).

The combined slope is given by:

C= (1 - Swl)Kru + TerinyiSW1, (5.6)
D= (1 - S\X/l)erd + TorinviSW1, 57)
7 = CHeaviside(Terr — Kz Tr1) + D Heaviside(—Ter) (5.8)

which drives the ramp integrator:

L= [Zdt, I =sallaTim: In) (5.9)

This ensures a smooth and gradual change of the current reference I, so that the excitation
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reduction is neither abrupt nor oscillatory.

5.5 Bias Signal and Activation Logic

The bias signal I,j5s determines whether the OEL is actively limiting excitation or not:

- When the enable condition is met, i.e.
It > Ies forlongerthan Ten o Ter <0,

the limiter activates and sets:
Ibias =0

meaning the limiter now takes control and prevents any further excitation increase.
+ When the reset condition is met, ie.
Lot = Iinst  and  (Ief — Iact) > Ithor  fOr longer than Tog,
the limiter releases control and restores the bias to:

Ibias = dreset

re-enabling normal operation of the voltage regulator.

The timers Ten and Ty ensure the OEL does not toggle rapidly due to transient oscillations or
measurement noise.

5.6 PID Control and Output Saturation

The current error applied to the controller is defined as:
Ierr = Iref,avg - Kactlpu + Ibias (5-10)
and is processed by a proportional-integral-derivative (PID) control law:

dl
Voel = KpoeLIerr + Kioel / Ty dt + Kdoe[% (511)
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The limiter output is then constrained within upper and lower bounds:
Voel,sat = Hardsat(voeb Voel.mina Voel,max) (5‘12)

which prevents the limiter from commanding unrealistic voltages.

5.7 Grid Connection

The limiter model takes either the generator field voltage Ey4 or the exciter fiel current V. from
the exciter and outputs the over exciter limiter voltage value V,; that connects back to the
exciter.

5.8 Multilinear model

5.8.1 Heaviside function

We define the Heaviside function as follows. This functions is key to translate the logic depend-
ing on the signals into booleans.

Definition 5.8.1. The Heaviside step function is defined as

1, ifx>0,
H(z) =
0, ifz<O.

We can multilinearize the Heaviside function by combining the previous use of the multilinear
positive and negative parts with an auxiliary variable hv:

o7 == max(x,0) (513)
x~ = max(—=z,0) (5.14)
xThy =z (5.15)

By the last equation we see that if T = x we have that hv = 1 and otherwise hv = 0. Finally, the
full multilinear reformulation yields:
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uiuy — v1vg — 22 =0 (5.16)
u1Uav1v2 = 0 (517)

wiughv —xz =0 (5.18)

up —uz =0 (5.19)

v —vg =0 (5.20)

(5.21)

5.8.2 Time dependent condition

In this model there is a new kind of non multilinear dependency that is different than the ones
seen so far. We express this non multilinear condition in a simpler form first. Let w be an input
signal, then the boolean value b is either 1 if w > 0 for longer than T and 0 otherwise. This
dependency is similar to a timer that resets itself whenever a specific condition is not respected.
We add an additional state that will be used as a sort of internal clock. The clock works as
expected with x reaching the value T only and only if the condition u > 0 is respected for the
preset amount of time and being reset to 0 otherwise, where finally b € B the boolean we are
looking for:

zo = (5.22)
1, ifx<Tandu>0,
t=4q-4 fz>0andu <0, (5.23)
0, otherwise
b= (Hv(z—T —¢)) (5.24)

The previous definition is dependent on At and can also be inappropriate for certain solver, we
add an auxiliary variable v along a boolean function that forces (z = 0) when the condition is not
respected:
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1, ifx <Tandu >0,
=14 —v, fxz>0andu<D0,

0, otherwise
zHv(u) =z

Finally, we can express this in terms of Heaviside functions:

& =Hv(T — z)Hv(u) — (1 — Hv(u))Hv(z)v
zHv(u) =z

In terms of the model, we express the bias activation logic using these equations:

X |f33 Z 0 aﬂd Iact - Iref S 0,

1, if x < Tenand Ioct — L > 0,
0, otherwise.
=T

eHV(—Tact + Trer)

Which can be converted to:

b1 = (HV(laet — Lrey))

by = (HV(~Torr)

bs = by + by — bibo

& =HV(Ten, — )bz — (1 — bg)Hv(z)(—v)
x = xHv(1 — b3)

Now we define the timer boolean for the other boolean condition and we get:

(5.25)

(5.26)

(5.29)

(5.30)
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b4 - HV(Iref - Iinst)HV(_Iinst + Ifref) (536)
bs = HV(Iief + Tact — ITHor) (5.37)
bg = babs (5.38)
Y =Hv(Torr —y)bs — (1 — bg)HV(y)(—vy) (539
& =HV(Ten — x)bg — (1 — b3)HV(x)(—v) (5.40)
z = x(1 —Hv(lact — lrer)) (5.41)
y=y(1 —Hv(l —bg)) (5.42)

Now we can express the different conditions in boolean algebra:

cL = HV(TOff —x — 6) (543)
o =HV(Ten —y —¢) (5.44)
(5.45)
We can finally express Iy, as:
Tpiqs = 01(1 - CQ)Ireset (5.46)

5.8.3 Timer Logic multilinear expression

The timer logic is more straight forward as it can expressed with a Heaviside function.

W = HV(Ippu — Ipu) X (Fixedry + IERRinv2) + (1 = HV(IFpu — Ipu)) * (FiXedrp + IERRinv2) (5.47)

5.8.4 Ramp Logic

The ramp logic uses user selected parameters to select the ramp rate. Particularly SWy is a
switch value selected by the user that belongs to the interval {0, 1}.
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C= ( - SWI) Koy + Torrinyt SW1, (5.48)
D= (1 - SWl) Kyq + Terrinvt SWh, (5.49)
Z=C -HW(Terr — Kopy Thar) + D - HV(—Terr). (5.50)
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6 Grid Following Converter

This model represents the behavior of a Grid following controller. It departs from the previous
models in that it considers the three phases of the grid separately instead of the phasor values.
This difference arises from the use of Electro Magnetic Transient types of models that are more
sensible to specific changes in values.

The converter functions as a precise current source that is entirely dependent on the grid: it
uses a Phase-Locked Loop (PLL) to accurately estimate the instantaneous grid angle (8) and
frequency. This angle is crucial for aligning the converter's internal reference frame, allowing the
inner current control loop to precisely determine and inject the required current components

(ig) and reactive (i,) into the network, thereby ensuring synchronization and managing terminal
voltage under rapid fault conditions.

Control system

*
<—®:C— Outer-loop PR
Inner-loop j<— - -0
- qd T
lf
T(0 ¢ =< PLL
Eﬂd 9] () (1) <=—
¢ ab ab pace
: i Vg o
Ve Y
Modulation

[O] Yvy

- _le)}
p— AN ]
4 ‘ Grid connection

Figure 6.1: Block diagram of the GFL converter model. [7]
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Table 6.1: List of variables used in the converter model.
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Symbol

Description

Unit

Instantaneous phase quantities (a, b, ¢)
Signal amplitude

Grid voltage phase angle

Estimated grid angle (PLL output)
Angle error 6 —

Converter voltages in dgq frame

Grid voltage in dq frame

Converter internal voltage reference in dg frame

Converter currents in dg frame
Current reference signals in dq frame
Magnitude of grid voltage vector
Instantaneous angular frequency
Active and reactive power

Active and reactive power setpoints
Measured active power

Apparent power

Three-phase voltage vector
Three-phase current vector

Current control error signal

Pl controller output voltage reference
Time

Laplace variable

rad
rad
rad

> > <K

<

rad/s
W, var
W, var

I
<»»< <<
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Table 6.2: List of parameters used in the converter model.
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6.1 Non-linear model

6.1.1 Phased Locked Loop

Symbol Description Unit
Kl Proportional gain of PLL controller -
KM Integral gain of PLL controller -

Klifl Proportional gain of current controller -

K9 Integral gain of current controller -
Kg‘)l Proportional gain of power controller -
KPo Integral gain of power controller -

R Filter or line resistance Q

L Filter or line inductance H

W Synchronous angular speed of the grid  rad/s
Te Power control filter time constant S
Voeak Peak value of the grid voltage V

O ) Kp! + K /s w g2 i >
S

4 —
\FJ

4

7 < Tpark (é)

T _Uabc

Figure 6.2: Block diagram of the PLL controller.

The phase locked loop is a controller that takes the three voltage phases v,, vy, v. and outputs
an estimated angle . The PLL works by trying to align v% to 0. To properly model the PLL we
first transform the voltage values in the a, b, ¢ coordinates to d, ¢ coordinates. We use the Park
Transform, expressed in the following equations:
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vy = %(2 cos §v, + (— cos 0 — V3sin 6) vy + (— cos+v/3sin0) v, 61
vg = %(2 sin v, + (—sin 6 + V3 cosf) vy + (—sin — V3 cos ) vc) 6.2)
w=Kpvg+ K; /vd dt (6.3)
Oz/wﬁ 6.4)

6.1.2 Current Control

The current control is used to determine the converter voltage that has to be applied in order to
maintain the current at the setpoint. The model presented uses the Internal Model Control that
uses the relationship between voltages and currents:

R Lw
—Lw R

-qd
[

dt

, d
vi? — it = i+ L

: 6.5)

The control diagram associated with the equation has coupling between the d and g axes. Given
the set points 99, 9 the final voltage values are:

ol = K, (1% — i) + K; / (i% — i) dt +vg + Lwig 6.6)
vl = K, (1% — i) + K /(ﬂ* iy dt + vy — Lwig 67)

These equation define a set of two PI controllers that define the value of the d,g voltages de-
pending of the error signal i%* — % and 9* — 44.

6.1.3 Power Control Loop

We obtain the active and reactive power values with these formula:
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d
UQ
O AN
- dx N R icl icl N SN
[ >
d X
?
Y|
79
| X
/L 0! N
) = : : U ¥
i ) oA K+ K9 s €> s
q
Vg
Figure 6.3: Block diagram of the current control block. [8]
P*, Q* /_\ ] 3 ,&-d*, 79*
o+ K2l KPO /s ——
P, Q
Figure 6.4: Power control diagram.[8]
3 . d-d
P = B (v7i? + v%%), (6.8)
3 gd  duq
Q:§(vz —v%9). (6.9)

And we control the value of the intensity's set points with the PI:
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i = K2(Q* — Q) + K@ / (Q* — Q) dt (6.10)

i — KP (P* — P) 4+ KF / (P* — P)dt (6.1

6.2 Physical Limitation

To determine the saturation limits of the current components, the operation mode of the con-
verter must be taken into account, since it dictates which current component shall be prioritised.
These operation modes are typically established in the grid codes, although a representative
implementation can be described as follows.

In normal operation, the converter prioritises the tracking of the active power related current
component, in this case the intensity's g axis component. The remaining current component is
then saturated according to the converter capability,

ig+i, < I

max’

so that the commanded current vector remains inside the permissible current circle.

During grid disturbances, the converter modifies its priority and gives precedence to the current
component associated with voltage support. In this case the d component.

For normal operations the equations defining the saturation are the following:

Z‘d,max = \/maX(Ir%ax - max@qy iq7ref)2a 5) (6.12)
Z.d,lfef = Hardsat(id,refv _id,maxa id,max) (6.13)
iq,ref = Hardsat(iq,refa _Imam Imax) (614)

6.3 Modulation

The modulation inside the converter takes the set point values from the control blocks and
outputs a physical electric signal that follows the setpoints. The converter uses IGBT pulses to
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generate the electric wave. For the sake of simplicity, we define that the output signal is directly
equal to the set points values.

6.4 Multilinear Model

The model non multilinear equations are related to the use of the sin and cos functions. We
multilinearize this functions by using the following reformulation, in this case we apply the re-
formulation exclusively for cos(f) and sin(6).To obtain the multilinearization we apply the ideas
present in [9l, particularly for multi linearization of the PLL and Park transformation. .

u®® 1= cos(#) (6.15)

us = sin(6) (6.16)
8’U/Sin _ COS%

5 = U 5 (6.18)

The transfer functions used in the multiple PID controllers are already multilinear and can be
expressed in the time domain as follows, where u(t) the input, z(¢) an internal state and y;(t) the
output.

."L‘Z(t) = ui(t), (6.19)
yi(t) = KpJ‘ uz(t) -+ Km‘ xz(t) + Kdﬂ' di(t), 1=1,2,...,n (6.20)

6.5 Grid Connection & Validation

This model differs from the rest of the models in that it is connected to the grid in two points.
To a DC bus on one side and to a 3 phase line on the other. We use three different buses with
coupled singled-phased system to recreate the three phases in AC connection.
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The resistance and inductances connected to the converter yield the following circuit equations:

s

1
Va,conv — Vag = Rig +L aitg (6.21)
Lo
Ubconv — Ubg = Rig+ L Bt (6.22)
.0
Uc,conv — Ucg = R'Lg +L E (6.23)

Additionally, we also consider an ideal voltage source at the grid connection vg”c this fixes the
values of the voltages:

va(t) = cos(Whase t), (6.24)
vp(t) = cos (wbase t— 2%) , (6.25)
ve(t) = cos (wbaset + 2%) . (6.26)
fe\
N
A
DC GFL Converter fe\
and Grid Connection &/
B
fe\
N
C

Figure 6.5: Validation Setup for GFL converter.

To validate this setup, we initialise the system from a cold start, that is, all internal states of
the converter and the network begin from zero or nominal initial conditions without any pre-
computed operating point until it reaches a steady state. This steady state is then taken as the
initial point of the simuation and is chosen arbitrarily. The simulation is then run for 0.5s using
a fixed timestep of 10™%s, which is sufficiently small to capture the EMT dynamics of the GFL
model and to ensure that the trigonometric transformations remain accurate. We compare the
trajectories obtained with the reference model and with the multilinear formulation. In particular,
we examine the converter-side phase voltages and the trigonometric reformulations used in the
PLL and current control blocks. In all cases, the two implementations yield very similar time
series, confirming that the multilinear representation reproduces the behaviour of the original
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Table 6.3: Grid-Following Converter (GFL) Model Parameters
Symbol Value Description

General System and Component Parameters

R 0.1 Filter/Coupling Resistance (pu).

L 0.01  Filter/Coupling Inductance (pu).

Voeak 325.0 Peak DC-link voltage limit (example, V).
Ve 100  DC-link voltage source (V).

Tnax 12 Maximum instantaneous current limit (pu).
Pt 1.0 Active Power reference (pu).

Qref 01 Reactive Power reference (pu).

Phase-Locked Loop (PLL) Parameters
Kppi 0.001  PLL Proportional Gain.
KipLL 0.1 PLL Integral Gain.
Wnom 27 - 50 Nominal angular frequency (rad/s).

Outer Power Control Loop (POL) Parameters

K, poL 0.05 Power Outer Loop Proportional Gain.

K poL 1.0 Power Outer Loop Integral Gain.

Inner Current Control Loop (ICL) Parameters
K, cL 0.05  Current Inner Loop Proportional Gain.
K cL 1.0 Current Inner Loop Integral Gain.

model with numerical accuracy.

Page 63 of 78 TenSyGrid D 3.2



ol NANAANANNANNANANANANAAANANAN /

TenSylilGrid

VVVVVVVVVVVVVVVVVVVVVVVVYV

VAN
Y
AR

uuuuuu

YN
i
VUV UV

-._._.__
[—
e —
—
—
T
[
—
T
——
]
——
e —
—
[—

NAAAANNAANANANAANRANNAANNA
LR L L L L
VALY

VVVVVVVVVVIVVV VYV VVYVVYVV VIV VYV VY

Page 64 of 78 Public TenSyGrid D 3.2



u_sin

TenSy = Grid

—— u_cos |reference)
== u_cos (MultiLinear)

—— u_sin [reference)
== u_sin [MultiLinear)

0.4

10.2 A

0.0

0.0 0.1 0.2

Figure 6.7: Trigonometric variables results comparison.

0.3

0.4

0.5
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7 Grid Forming Converter

This model represents a Grid Forming converter. Grid-forming converters operate as voltage
sources that establish and regulate the grid voltage and frequency. They are capable of setting
the reference for other devices. In contrast, grid-following converters behave as current sources
that synchronize to an existing grid voltage through a phase-locked loop (PLL). Their operation
depends on an external voltage reference, making them suitable for strong grids where the
voltage and frequency are already defined by other sources.

Control system Vi Y
N P _
Current il 7"|72x<_ Voltage <O <« Q=<0"
Controller . Controller Vinin
1 i w nax Synchronization Laop |€— €5
¢ = % (VSM or Droop) | €—pP*
] -
T (H) jqd qu Dmin ® i‘i’d T T
: g
= b Hro| Hre Yy o’ e

VSC

Electrical model —l__—r__l_

Figure 7.1: Block diagram of the GFM converter model. [7]
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Variables

Table 7.1: Variables of the grid-forming converter model. [7]
Symbol Description

w Instantaneous converter angular frequency (rad/s)
w* Reference angular frequency (rad/s)

Aw Frequency deviation from reference (rad/s)
P.Q Active and reactive power (W, var)

P* Q* Reference active and reactive power (W, var)
Vv, v Converter voltage magnitude and reference (V)
AP, AQ Power deviations from reference (W, var)

0 Converter voltage angle (rad)

v, vf Filter capacitor voltages in dg frame (V)

v, vl Converter output voltages in dq frame (V)

vl vl Grid voltages in dg frame (V)

i, i Converter currents in dq frame (A)

i, il Grid currents in dg frame (A)

i?ﬁ, i‘]{ Filter current components in dg frame (A)

79 Estimated converter current reference (A)

o, 9 Estimated control voltages (V)

Parameters

Table 7.2: Parameters of the grid-forming converter model.
Symbol Description
Kap, Kng Droop control coefficients for frequency and voltage

TAP Time constant of the frequency droop filter (s)
Cy Filter capacitance (F)

Ly L. Filter and coupling inductances (H)

Rs R, Filter and coupling resistances (€2)

Kz’jd, KP Voltage control proportional and integral gains
icl icl i ; :
Ky K Current control proportional and integral gains
W Synchronous angular frequency (rad/s)

G.(s) Current control transfer function
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The Synchronization method defines the angle and voltage magnitude that the converter will
use to operate. In this work we explore two models, the Virtual Synchronous Machine (VSC) and
the Droop control. The droop control is a special case of the VSC control.

7.1.1 Droop Control

In the droop control we consider a reference value for the grid frequency w* (usually 50 Hz) and
a reference power P* The droop control first passes the power signal (P or @Q)through a low
pass filter and then subtracts it from the reference value to obtain the filtered power deviation.
Finally, the resulting frequency value is linearly dependent on AP around w*. More specifically:

A

w=w"—Kap(P— P")

Similarly for the voltage control we have that:

V=V*~Kpo(Q— Q)

\Where both P and Q are the outputs of the respective low pass filters.

(71)

Page 68 of 78

TenSyGrid D 3.2



TenSy = Grid

pP* >© | Kap O >@ > w
B
sTap +1 5
Figure 7.2: Block diagram of the frequency control.
Q* >@ § Kag -2V >@ >V
] i
@ sTagQ +1

Figure 7.3: Block diagram of the voltage magnitude control. [8]
7.1.2 VSC Loop
7.1.3 Voltage Control

The converter determines the set points values iy, i; with the control loop. We use the following
circuit equation to find the appropriate control, where C; is the capacitance of the filter (one of
the converter's parameter) and z’gd the observed current measurements at the grid.

q dt
vy

We can use a change of variable and a Laplace transformation to find the following equation:

N 0 —-wC
igd* _ iqd _ f
wC'y 0

g q

Ud
! ] (7.8)
Uy

SCfU?

m {d — it WOyt

. . d
it — i — wCyvf

sCffu;%

The final current values are:
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-d
/Lg
%d ~- Zd*
’U}j'* >© - K;,Cl + Kid/s r(;) ‘<
Id X
Uf
’ w— Cf
vt X
/L i N
g+ N \ icl icl 7 N c
Uf ID 7 Kp + KZ /S rtj
q
Zg
Figure 7.4: Block diagram of the voltage control loop. 8]
il = K, (v —vg) + K; /(vd* —vg) dt +iq + Crwuy (7.10)
il = K, (v —vg) + K; /(vq* —vg) dt +iqg — Crwuyg (711)

7.1.4 Current Control

The current controlin the GFM converter is very similar to the one in the GFL converter, we begin
with the equation describing the electrical connection circuit expressed in the dq frame:

Ry Lyw

Ugd* - U;]cd _
—wa Rf

d
29 4 L —i® 12
3¢ + f gt (7.12)

The control diagram associated with the equation has coupling between the d and g axes. Final
voltage values are:
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Figure 7.5: Block diagram of the current control loop. [8]

Ug :Kp (id* —id)+Ki/(id* —id)dt—i—vd—i—Lwiq

vl = K, (i7" —z'q)—i—Ki/(z'q* —ig)dt + vy — Lwig

Similarly to the GFL converter we can decouple the loop control. We th

7.2 Physical Limitations & Validation

We use the same current limitation as in the GFL converter. Additionally,
age limitation for the voltage values where we rescale the d, ¢ voltages
with respect to a Vg

TenSy = Grid

(7.13)

(7.14)

en find the equation:

(715)

we also consider a volt-
values of the converter
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Vma:v

p = min(1, ) (7.16)
\/(vgef)2 + (Ugef)2

Ugef,sat = pvgef <717)

vgef,sat = pvgef (718)

7.3 Multilinear Model

We reformulate the trigonometric functions in the same way as in the GFM converter however
here we also have to deal with the minimum function. To obtain the multilinearization we apply
the ideas present in [g], particularly for multi linearization of the PLL and Park transformation.

7.3.1 Min function

We first formulate the minimum function as a sum of expressions which we already know how
to multilinearize, in this case the positive part. The following equation can easily be verified
separating by cases:

(r —y)T := max(z — y,0) (719)
min(z,y) =2 — (z —y)" (7.20)

The previous multilinear expressions of the positive and negative were ill-conditioned for this
particular model, so we use a more compact formulation for the positive part specifically. Let
A a linear expression then the following equations define three auxiliary variables were w =
maz(A,0).

Uy — UV = 0, (7.21)
uyr vy —w =0, (7.22)
up vy w—wA=0. (7.23)

This can be seen because 723 forces w > 0 since w is equal to u squared, and the final equation
forces w to be 0if A is negative and if A is positive we can divide by w which forces A = uy vy =
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w.

With this we can define p as a correcting parameter for v, ;, and vf, ;-

UTUG S (0 Ve fau) + (Vre Vet aun) = Vinaa (724)
ur = ug"* (7.25)

Vet = Ve f.aus (7.26)

Ve = Vbef.auz (7.27)

p=1— (Uguz —1)7" (7.28)

(7.29)

PUSes = Vref sat (7.30)

PUres = Vref,sat (730

(7.32)

7.4 Grid Connection & Validation

We follow the connection scheme in 7.1, and we add to the AC side three resistances in parallel
that are connected to the ground. The DC is considered fixed and doesnt interact with the
converter in the simulation.

AVAVAY
Ry
GFM Converter
bC and Grid Connection /\/\/\/
Rp
AVAVAY
Rc

Figure 7.6: Validation Setup for GFM converter.

For the grid-forming converter, we follow a similar validation procedure to the GFL converter.
The system is initialized from a cold start, meaning that all dynamic states of the converter con-
troller, the virtual oscillator, and the network begin from zero or nominal default values without
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enforcing a pre-defined steady-state and run the simulation until a steady state is found. The
simulation is then executed for 0.5s with a fixed timestep of 10~%s. We compare the results of
the reference implementation with those of the multilinear model by inspecting the converter
terminal voltages (v;‘;fc, vgef ) and the auxiliary trigonometric variables that appear in the grid-
forming control structure. As in the GFL case, both models exhibit identical trajectories through-
out the entire simulation, confirming that the multilinear formulation accurately reproduces the
behavior of the original grid-forming converter.

—— vd_c_ref (reference)
B == vd_c_ref (MultiCineary

vd_c_ref
w

— vq_c_ref (reference)
0.4 == va_c_ref (MultiLinear)

0.2 1
0.0
-0.2 A

—0.4 1

—— u_cos_n (reference)
== u_cos_n (MultiLinear)

Figure 7.7: Simulation Results Comparison of the GFM converter Simulation.
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Table 7.3: Grid-Forming Converter (GFM) and LCL Filter Parameters

Symbol Value

Description

LCL Filter Parameters (Coupling Network)

Resistance of the Converter-side Inductor Ly (pu).
Inductance of the Converter-side Inductor (pu).
Resistance of the Grid-side Inductor L. (pu).
Inductance of the Grid-side Inductor (pu).
Capacitance of the Filter Capacitor (pu).
Capacitor damping resistance (pu).

Per-phase resistance of the external load (pu).

GFM Synchronizing and Reference Parameters

w-P Droop Gain (Frequency vs. Active Power).

V-@Q Droop Gain (Voltage vs. Reactive Power).
Reference angular speed (pu).

Nominal angular frequency (rad/s).

Nominal voltage magnitude reference (pu).
Maximum voltage output limit (pu).

Maximum current output limit (pu).

Active Power reference for droop steady-state (pu).
Reactive Power reference for droop steady-state (pu).

GFM Control Loop and Filtering Parameters

Ry 0.02
Ly 015
R, 0.01
L. 0.05
Cy 0.05
Reap 10.0
Rioaq 10
Kap 0.02
Kaq 0.05
Wref 10
Whom 27 - 50
Vief 10
Vinax 11
Lax 12
Pres 10
Qref 01
Ky cL 0.05
K cL 50.0
P 0.01
TQ 0.01

Inner Current Control Loop Proportional Gain.

Inner Current Control Loop Integral Gain.

Low-pass filter time constant for Active Power (s).
Low-pass filter time constant for Reactive Power (s).

7.5 Conclusion

7.6 Conclusion

This work has established a modeling framework suitable for the stability analysis of modern,
hybrid power systems. On the conventional generation side, a detailed synchronous machine
model (GenQEC) was implemented, incorporating quadratic saturation to accurately capture
magnetic non-linearities. This generator is coupled with industry-standard control systems, in-
cluding the AC1C excitation system, the IEEEG1 steam governor, the PSS1A power system stabi-
lizer and the OELC2 over excitation limiter. The choice of models respond to a need of simulating
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Figure 7.8: Simulation Results Comparison for GFM converter.

standard industry models that include all the different components and control systems that can
be present in traditional power generation.

To address the importance , the system model was expanded to include detailed represen-
tations of Inverter-Based Resources (IBRs). Both Grid-Following (GFL) and Grid-Forming (GFM)
converters were modeled using three-phase instantaneous variables rather than simplified pha-
sors. These models explicitly account for the fast dynamics of Phase-lLocked Loops (PLL), inner
current control loops, and LCL filter interactions, providing the necessary detail for analyzing
electromagnetic transients.

A central contribution of this modeling approach is the application of multilinear modeling. By
systematically approximating non-linear behaviors such as magnetic saturation, division in power
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calculation, and trigonometric frame transformations into a multilinear structure, this framework
enables the use of based tools. The future objective is to then integrate these models with
the tensor based tools developped in the framework of the TenSyCrid Project to improve the
computational performance of these models.
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