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2 CHAPTER 1 INTRODUCTION

Norton equivalents, and the power system nodal admittance matrix representation.
The historical development of PSCAD-EMTDC, as a specialised HVde electromag-
netic transient program, is given. The state of the art in PSCAD-EMTDC compo-
nent models is described, particular attention is given to the magnetically independent
transformer phase representation. Present multi-limb multi-phase transformer models
are reviewed and a new magnetic equivalent circuit based electromagnetic transformer
representation proposed.

In chapter 3 the interphase magnetic coupling representation of the new three-limb
three-phase transformer representation is verified with laboratory results. The tran-
sient behaviour of the PSCAD-EMTDC single-phase bank, and new magnetic equiva-
lent circuit (MEC) transformer models is compared. The new models are applied to the
first rigorous intervalidation of the Harmonic Domain Analysis program with PSCAD-
EMTDC. Newton’s technique is applied to solve the non-linear three-limb three-phase
magnetic equivalent circuit at each time step. Iterative and non-iterative MEC trans-

former models are compared under steady-state over-voltage operating conditions.

Chapter 4 introduces the unified magnetic equivalent circuit (UMEC). A two wind-
ing transformer UMEC is used to investigate the effect of core, and flux leakage paths on
short, and open-circuit inductance respectively. Two winding transformer self and mu-
tual inductances are expressed in terms of branch permeance. UMEC model accuracy
is verified with laboratory data. A UMEC model of the Benmore valve-group con-
verter transformers is derived. The harmonic flows predicted by the PSCAD-EMTDC
and UMEC transformer models are compared in a test system derived from the New
Zealand HVdc Benmore converter station. The single-phase UMEC is extended to
represent the three-limb three-phase core configuration. A model of the Manapouri
three-limb generator transformers is derived and verified with factory test data.

Chapter 5 introduces the group connected generator HVdc converter principle.
The first ever set of field measurements for such as scheme in operation are given. A
PSCAD-EMTDC model of the New Zealand HVdc group connected scheme at Ben-
more, inclusive of single-phase UMEC converter transformer representation, is verified
with field data.

Chapter 6 presents the smoothing transformer as a new means for reducing HVdc
converter de side harmonics, at characteristic and non-characteristic frequencies, with
compact passive components. The smoothing transformer is investigated with a UMEC
transformer model, a realistic design is examined in the field data verified test system
for the Benmore group connection. The steady-state and transient performance of the
smoothing transformer is compared with that of the existing dc smoothing reactor and
filter bank.

Chapter 7 derives a UMEC three-limb three-phase converter transformer model
that is equivalent to the validated single-phase representations. The responses of the



single-phase bank and three-limb three-phase converter transformers to a single-phase
fault are compared. The field data verified PSCAD-EMTDC Benmore test system is
again applied and the conventional converter transformer winding configuration is used.

Finally, in chapter 8 the main conclusions to this thesis are given along with direc-
tions for future work.









2.1 ELECTROMAGNETIC TRANSIENT PROGRAMS 7

Once inductive and capacitive branches are converted to Norton equivalents they
are combined with purely resistive branches, and the state of the system at time ¢ is

described by the set of linear equations [Dommel 1969]

Y]o(t) =i(t) - I (2.5)
where

[Y] = nodal admittance matrix

9(t) = node voltage vector

i(t) = injected node current vector

I = current source vector

If the vector of node voltages is partitioned into two sets, one with the unknown voltages
©4(t) and another with the known voltages (specified voltage sources) Up(t), then

equation 2.5 can be rewritten

l[YAA] [YAB]l lﬁA(f)] _ [ﬁ(t]] B FA] 26)
[Yza]l [YBB]| | 9B(?) in(1) Ip '

The vector of unknown node voltages is found by solving

(Yaaloa(t) = ia(t) — Ia — [Yalon(t) (2.7)

EMTP is well suited for simulating large ac systems where dynamic behaviour
follows a small number of network topological changes. The program was not initially

applied to frequent and variable switching cases such as ac/de conversion.

In 1976 Manitoba Hydro began developing the ElectroMagnetic Transient Di-
rect Current program (EMTDC). The resulting specialised HVdc simulation program
combined Dommel’s technique with valve group and salient pole synchronous machine
models [Woodford et al. 1983]. A user written interface was included to process and
control voltage and current sources, and switch branch elements. Disconnected sub-
networks were utilised to maximise the speed of solution. In 1985 Manitoba HVdc
Research Center validated EMTDC simulation with transient field data from Bipoles 1
and 2 of the Nelson River dc transmission system [Woodford 1985]. Recently the Power
System Computer Aided Design (PSCAD) package was combined with EMTDC, this
graphical interface assists the user in setting up, running and analysing simulations
[EMTDC models 1994].

The practical applications of the transformer formulations presented in this work
are all specific to HVdc transmission. For this reason PSCAD-EMTDC has been se-
lected as the most appropriate program to implement the new models proposed. Figure
2.2 presents a simplified flow diagram for the PSCAD-EMTDC program.



CHAPTER 2 A PSCAD-EMTDC MULTI-LIMB TRANSFORMER FORMULATION

Start EMTDC,

Update history terms.

Run user defined
dynamics file. ii

Solve network
equation 2.5, i

Increment time
one time-step.

Interpolation.

Run user defined
output file. v

Write output. .
Vi

Does

No

time equal

finish time?

Stop EMTDC.

Figure 2.2 Simplified EMTDC main program.
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Figure 2.3 PSCAD-EMTDC linear transformer model: (a) Mutually coupled coils, (b) Steinmetz
circuit.

not incorporate interphase magnetic coupling, the magnetising current injection is cal-
culated at each time step independent of the other phases.

Accurate simulation of HVdc converter stations with multi-limb converter trans-
formers requires a new PSCAD-EMTDC transformer model. Three-limb converter
transformers are present in some existing HVdc schemes, as they can offer financial
and operational advantages. The eight converter transformers of the Vindhyachal
500MW back-to-back HVdc converter station (India) are three-limb three-phase units.
Although transportation limitations have traditionally restricted the presence of three-
limb three-phase transformers in remote HVdc systems, sealed winding site-assembled
multi-limb transformers can provide the lowest cost alternative to single-phase banks
[Flux 1971]. Moreover three-limb converter transformers have been shown to signifi-
cantly reduce the detrimental effect of de¢ excitation caused by geomagnetically induced
currents [Takasu et al. 1994].

2.3 MODELLING MULTI-LIMB TRANSFORMERS

An important contribution to the modelling of power system transformers was made by
[Chen and Dillon 1974]. Although they recognised the influence of the transformer core
and flux path leakage, their models were based on linear transformations. Non-linear
transformer magnetisation effects were given detailed consideration [Abu Nasser 1981],
but only for the case of magnetically independent phases.

The principle of duality has been used [Arturi 1991] [Stuehm 1993] to take into
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Figure 2.4 Magnetic equivalent circuit branch.

Combining these two equations to give the resultant branch MMF 6} yields
O) = Okg — Ora (2.11)

Linearising equation 2.9 about (f — At) in the time domain gives

Or1(t) — Ok (t — At) = Ry[di(t) — di(t — At)] (2.12)
where
At =0
and
Ry = B
W | gy (t-rt)

Solving equation 2.12 for the branch reluctance at the present time step gives
Or1(t) = Ok (t — At) + Ri[¢r(t) — di(t — At)] (2.13)

Equation 2.13 allows the linearised relationship between winding current and branch
flux to be formulated, it can be re-written as

Or1(t) = Ridr(t) + O (2.14)

where

Ok = O (t — At) — Rii(t — At) (2.15)



2.4 INCREMENTAL PERMEANCE FORMULATION 13

Hysteresis or single valued magnetic characteristics can be represented with equation
2.14. Combining equation 2.15 with equations 2.10 and 2.11 gives

0 = Niir — R — O (2.16)

or
b = Pe[ N — 6, — 6] (2.17)
where the incremental branch permeance

1
= —— 2,
Py R (2.18)

The relationship in equation 2.17 is general and can be extended to any number of

branches in a multi-limb transformer magnetic equivalent circuit.
3= [P] ([N]E - én) (2.19)

Diagonal matrix [P] has individual elements of branch incremental permeance and
diagonal matrix [N] elements of branch winding turns. Diagonal elements of [N] are

zero for branches with no windings.

The linearised relationship between winding current and branch flux can be
extended to incorporate the magnetic equivalent circuit branch connections. Let the
node-branch connection matrix of the magnetic circuit be [A]” and the vector of nodal

magnetic drops be ém,de. At each node the flux must sum to zero, stated as
[ATd=0 (2.20)

Application of the branch-node connection matrix to the vector of nodal magnetic drops
gives the branch MMF.
[A)0node = ¢’ (2.21)

Combining equations 2.19, 2.20 and 2.21 gives
[A]7¢ = 0= [AI"[PIINY — [A]" [P)[AlBnode — [A] [P16n (2.22)
Solving equation 2.22 for f,04. and writing ¢, = [P]0,, gives
- > - -
brote = (LA7IPI1A]) (AT (PUNTE — (A ) (223)

Substitution of equation 2.23 into 2.21 gives

~ =1 ~ -
7 = (A (AT PIAY) [PV - (417G (229
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Equation 2.24 is combined with equation 2.19 to give

b = (I - (AT EPILAY) [T PILNE (AT
= (- (areia) ) (e - )
= (M) ([PINTE = ) (2.2

= gn)

where

b1 = 1] - (PIA) (AT PILAL) (AT

If the branch connections of the magnetic circuit are such that two branches
carry the same flux, the matrix [M] is singular. If set of branches are partitioned into
two sets, one with the MMF sources ¢, and another with pure reluctance paths g,
then equation 2.25 can be rewritten

(8] - ) ] (121 0 [[Ns]iq] i l@m] ) e
r (Mrs]  [Myr] (U bnr

The problem of possible [M] matrix singularity may be removed by inverting only
matrix partition [M,]. Utilizing matrix partitioning equation 2.26 gives

3o = [Mys] ([m[Ns]z’., -ém) — [Mo)fnr (2.27)

Equation 2.27 relates winding current to branch flux, what is required next is to relate
branch flux to winding voltage. Winding voltage vy is related to branch flux ¢, by
Faraday’s law of magnetic flux

depy.

U = Nk_ﬁ (228)

Discretizing equation 2.28 with trapezoidal integration and generalising for magnetic
branches with an MMF source gives

3a(0) = dult — 20 + SN 5, (0) + 3¢ — A9) (2.29)

The number of first order differential equation solutions required is equal to the number
of winding-limb branches. Residual flux can be simply included by setting each branch
flux to the residual value desired at time zero. Finally, combining equation 2.27 and
2.29, and solving for winding current i, gives the Norton equivalent

15(t) = [Yas]s(t) + s (2.30)

where
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to represent multi-phase banks of single-phase transformers, but not the multi-phase
multi-limb core construction.

An incremental permeance formulation of the non-linear behaviour of multi-
phase multi-limb transformers for use with an electromagnetic transient program has
been presented. The non-linear relationship between winding mmf and saturated
branch flux is linearised in the time-domain. The formulation utilizes direct analy-
sis of a magnetic equivalent circuit to provide a Norton equivalent electrical interface
at the transformer terminals. The Norton equivalent is easily implementable in the
PSCAD-EMTDC program. The transformer magnetic equivalent circuit is constructed
from a finite number of branches incorporating individual magnetic characteristics and
windings.






CHAPTER 3 THE LINEAR AND LINEARISED TRANSFORMER

Start user defined
dynamics file.  ii

Time equal
to

zero?

User input:
Core dimensions, Yes
Winding turns. j
Construct matrices
[P]and [N]. 1

Calculate [ M | with
equation 2.25. 2

Calculate [¥ss] with
equation 2.30. 3
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Meter previous time step
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Calculate 3(t-A?) with
equation2.27. 5
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Begin
network solution. i

Figure 3.1 Linear formulation implementation in PSCAD-EMTDC.












22 CHAPTER 3 THE LINEAR AND LINEARISED TRANSFORMER

b, = ordinates to the origin of asymptote to my
by = ordinates to the origin of asymptote to ms

£ = correction term

As correction term £ is increased from zero, the knee point of the hyperbola saturation
representation is made less sharp. Solving equation 3.2 for i and taking the positive
root gives

iy =—DAx(B—A) (3.3)

where
A =mimsy
B = my(by — ¢x) + ma(br — ¢x)
C = ¢ — dp(by + by + &)
A = /B2 —4AC

DA=

The incremental branch reluctance is derived from equation 3.2

B(my + my) 4+ 2A(2¢; — by — by — 8)
A

Rr = DA [m1 + g — (3.4)
Although equations 3.3 and 3.4 will not represent third quadrant operating points, the
symmetrical nature of the saturation characteristic can be used for calculation in this
quadrant. The incremental branch reluctance R never equates to zero, and at the

origin it is equal to
by +by+ &
Ry =

o ——————— ‘r
mlbg + mgbl (3 J)

3.2.2 The linearised Norton equivalent

The flow diagram of figure 3.5 describes the per-unit implementation of a non-linear
MEC in PSCAD-EMTDC. The incremental permeance formulation modifications re-
quired for per-unit implementation are listed in appendix B. The previous time step
winding limb flux vector ¢s(t — At) can be calculated from the vector 4(t — At), and
stored vectors ¢s(t — 2At) and #4(t — 2At) with the trapezoidal integration

At

bs(t — At) = ¢s(t — 2At) + 7[1\@]—1 [ﬁs(t — At) + 05t — 2At) (3.6)

The per-unit form of equation 3.6 is given in appendix B. Calculation of the flux in yoke
and zero-sequence paths ¢, (£ — At) requires solving the non-linear MEC. [Medina 1992]



3.2 INCORPORATING A NON-LINEAR MEC IN PSCAD-EMTDC

Start user defined
dynamics file. i

Time equal

to

zero?

User input:
Yes

Per-unit branch
saturation curves. j

Calculate B, for each branch

from ¢ initial. 1

Meter previous time step
variables (t-At) . 6

Construct matrix
[ P] 2

Calculate %(--AY) with
equation 3.6. 7

{

Calculate [ M ] with
equation 2.25. 3

Calculate 3(-A1) with
equations 3.7 to 3.11. 8

Calculate [Yis] with
equation 2.30. 4

Calculate Fi for each branch
with equation 3.1. 9

Calculate inswith
equation 2.30. 5

Begin
network solution.

SR

Figure 3.5 Non-linear formulation implementation in PSCAD-EMTDC.
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proposes a linear approximation to the true solution

ba(t — At) = kikodi(t — At) — kakoda(t — At) — kskops(t — At) (3.7)

¢5(t — At) = —kskodi(t — At) — kakoga(t — At) + kikoda(t — At)  (3.8)
go(t — At) = ¢1(t — At) — du(t — At) (3.9)
pr(t—At) = da(t — At) + da(t — At) + ¢s(t — At) (3.10)
¢ps(t— At) = ¢a(t — At) — ¢p5(t — At) (3.11)

where kg=0.9, £;=0.508, ko=0.5 and k3=0.492.

Using the solved branch flux ¢y (t — At) branch permeance Py is calculated di-
rectly from the branch saturation characteristic . Once the branch permeance is known
the per-unit admittance matrix [Y;;] and current source vector 7, can be calculated.

3.2.3 Comparing three-phase transformer representations

The circuit as shown in figure 3.6 and ideal circuit breaker action have been chosen
to highlight the differences between the PSCAD-EMTDC three-phase bank and MEC
three-limb three-phase transformer representations.

v=10p.u. circutt-breaker

$ 14

:|: n=10p.u.

Figure 3.6 Transformer magnetic core test system.

The MEC of figure 3.2(b) is again utilized to represent the open-circuit three-
limb transformer, but in this case all branches are non-linear. Table 3.2 lists the
hyperbola constants for the per-unit characteristics. The saturation characteristics for
the winding, yoke and zero-sequence paths are those suggested by [Medina 1992].

Branch M (linear) | Ma(sat) | b1 by &
Winding limb 292.38 0.67 | 0.0 1.03 | 0.0
Yoke 292.38 1.67 [ 0.0 1.03 | 0.0
Zero-sequence 6.00 144 | 00| 0.22 | 0.0

Table 3.2 Test transformer hyperbola parameters.

The three-limb three-phase model (3limb-oc) was compared with the present
PSCAD-EMTDC model of the three-phase, two-winding transformer (xfmr-3p2w) [EMTDC
user 1994] with saturation enabled. The circuit of figure 3.6 was subjected to three
sequential operating conditions specially selected to emphasize the magnetic behaviour
of the transformer. The resulting primary currents are shown in figure 3.7.
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circuit breaker is reclosed giving rise to the third operating condition. As the core dc
flux has not decayed to zero, this case forces the transformer into deep saturation. The
phase currents are very large in comparison to the previous unsaturated state and the
results need to be displayed separately (figure 3.7(b) and (d)). The three-limb three-
phase model experiences deeper saturation than the three-phase bank. Differences
appear also in the balance and shape of the saturated open-circuit current. Each cycle

is distorted to a greater extent than the three-phase bank.

3.2.4 Field transformer saturation characteristics

Care must be exercised when equation 3.2 is applied to represent field transformer
saturation characteristics. Magnetising currents at rated voltage are sensitive to small
changes in the hyperbola parameters, and the experimental characteristics are often
only available in graphical rather than tabular form.

The hyperbola constants selected for the transformer model comparisons of sec-
tion 3.2.3 give a two slope piecewise linear saturation representation. With £=0.0 and
b1=0.0 then the solutions of equation 3.2 are simplified to

bk (t) = myix(t) (3.12)

in the unsaturated region, and

¢r(t) = mai(t) + by (3.13)

in the saturated region. This simple representation is not accurate enough to match
field transformer behaviour.

[Dick and Watson 1981] published per-unit saturation characteristics for the
winding-limb, yoke and zero-sequence flux branches of a 25MVA, 110/44/4 kV three-
limb transformer. The hyperbolas of figure 3.8(a) provide a reasonable match to this

transformer’s saturation characteristics. The curve parameters are given in table 3.32.

Branch M (linear) | M2(sat) | b1 by 4
Winding limb | 292.38 0.076 | 0.0 | 1.280 | 0.850
Zero-sequence | 292.38 1.670 | 0.0 | 1.200 | 0.652

Yoke 6.00 1.440 | 0.0 | 0.345 | 0.010

Table 3.3 Field transformer hyperbola parameters.

The non-zero correction factor rounds the hyperbola knee region, and affects the

incremental permeance down to the origin. The transformer characteristics of figure

%[Dick and Watson 1981] tabulated saturated branch permeances only. The unsaturated permeances
are assumed to be as given by [Medina 1992]
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ve=1.1 p.u. x; =0.084 p.u.

i 1

Figure 3.10 Single-phase validation test system.

impedance introduces voltage distortion at the transformer terminals. The source volt-
age is set to 1.1 p.u. to force the transformer into deep saturation. The transformer
leakage reactance is ;=0.084 p.u., and the saturation characteristic is represented with
the winding-limb hyperbola of table 3.2.

Figure 3.11(a) illustrates a full period of the magnetising current derived with
HDA and PSCAD-EMTDC simulations, and figure 3.11(c) the harmonic spectra. The
results show good agreement, the maximum magnitude difference being 0.002 p.u.
occurring at the third harmonic. The transformer primary voltage waveforms are il-
lustrated in figure 3.11(b), the HDA and PSCAD-EMTDC waveforms almost match
perfectly. The harmonic spectra illustrated in figure 3.11(d) indicate very close results,

the maximum magnitude difference being 0.002 p.u. at the third harmonic.

3.3.3 Three-limb three-phase representation

[Medina and Arrillaga 1992b] extended the single-phase Harmonic Domain transformer
models proposed by [Acha 1988] to represent three-limb three-phase core configurations.
The MEC of figure 3.12(b) is linearised, converted into a Norton equivalent and super-
imposed on the [Chen and Dillon 1974] common core linear short-circuit admittance
matrix. A Time Domain version of the Harmonic Domain three-limb three-phase linear
and linearised model can also be derived for PSCAD-EMTDC.

The primitive electric parameters of figure 3.12(a) are represented by

L v o —w v v v YW
I /B A A Al B R ¢
L v v w -uw w ||V 5
I - ot oo " " V. ( . )
4 " u " " ] n 4
Is o ouwoowow ow u| |V
sl Ly v oy oy —w owd LVel
where:

y; = leakage admittance,

y; = mutual leakage between primary coils,

y! = mutual leakage between primary and secondary coils on different limbs

W g P :

y/” = mutual leakage between secondary coils.
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Single-phase transformer Unified magnetic equivalent circuit
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EMTDC implementation
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Figure 4.1 A UMEC PSCAD-EMTDC single-phase transformer model: (a) core flux paths, (b)
unified magnetic equivalent circuit, (¢) Norton equivalent.

EMTDC as shown in figure 4.1(c). Unlike the linear and linearised representation of
chapter 3 all components of the transformer model are now derived from the UMEC.

4.2 ACTUAL PERMEANCE FORMULATION

For modern grain-oriented core steel, the ¢ — @ characteristic becomes steeper below
saturation, flatter above saturation, and the transition around the knee region becomes
sharper. Presently, core non-linearity is represented in incremental permeance form.
Equation 2.14 can be rearranged to

Pk (t) = Prbra (t) — dnk (4.2)

This magnetic operating point representation is displayed as line (a) of figure 4.2, As
the transformer core moves around the knee region, the change in incremental perme-
ance is much larger and more sudden (especially in the case of highly efficient cores)
than the change in actual permeance. Although incremental permeance reliance is ac-
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Figure 4.2 Incremental and actual permeance.

ceptable in the steady-state transformer models of the Harmonic Domain, [Chen and
Neudorfer 1993] have recently shown modern transformer dynamic simulation requires
actual permeance based magnetic circuit representations.

If the UMEC branch flux is expressed using actual permeance,
$i(t) = Pibra (2) (4.3)

as line (b) of figure 4.2, then equation 2.17 becomes

dx = Pr(Nyix — 6f) (4:4)

which, in vector form,

¢ = [P*I(N}i - &) (4.5)

represents all the branches of a UMEC. Applying the identical matrix manipulations
that gave equations 2.20 through to 2.25, converts equation 4.5 into

¢ = [M™][P*|[N]i (4.6)

where
(00°] = 1) ~ (P11} (AT (P11 (AT

Partitioning the vector of branch flux ¢ into the set that contains the branches associ-
ated with each transformer winding ¢,, and using trapezoidal integration (2.29), gives
the Norton equivalent
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i = [Vii]05(2) + 15, (47)

where

i
el = (azlpav) 4

and

ine = (IM2IPING) (41500 A0 + (e — A1)

The admittance matrix is again symmetric. The structure of the [Y;] and [Y,]
(equation 2.30) matrices is identical, only the permeance matrix element magnitudes
Pz and Py; are dissimilar, and the appendix A symmetry proof can equally be applied
to [¥53].

4.2.1 The UMEC open and short-circuit inductances

The Steinmetz “approximate” equivalent circuit is based on the assumption that ex-
perimentally measured open-circuit, and short-circuit inductances result only from core
flux paths, and leakage flux paths respectively. Before core non-linearity is added, the
UMEC can be applied to derive open and short-circuit inductances taking into account
both the core and leakage flux paths. Inductances are presented in either actual branch
permeance Py or reluctance Ry form depending upon which representation yields the
simplest derivation.

Figure 4.3(a) displays the UMEC if the secondary winding is open-circuit. This

magnetic network can be simplified to that of figure 4.3(b) which includes a single
MMF Niiq(t) and an equivalent ¢ (£) path reluctance

(RiR4 + RiR3 + RIRI (RS + R5) + (R] + RIRIRS
(R3 + RD(R3 + Rg) + RER3

*prim __
Roc ™ =

(4.8

Similarly, if the primary winding is open-circuit and the secondary winding energised,

the UMEC can be reduced to a single MMF Nyi5(t) and equivalent ¢ (2) path reluctance

(R3R3 + R3R3 + RiR5) (R} + RY) + (R + Ry)RIRG
(R3 + R5)(RT + RY) + RIR;

Equations 4.8 and 4.9 are derived in appendix D, sections D.1 and D.2 respectively.

sse0 __
Ry =

(4.9)

In so far the UMEC is linear and each path reluctance R} is time invariant. The
inductances measured from open-circuit primary and secondary open-circuit tests are

N?

*prim
oc

rim __
Lgc -

(4.10)

and
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Figure 4.3 Linear UMEC reduction: (a) open-circuit secondary, (b) simplified open-circuit equiva-
lent, (c) short-circuit secondary, (d) simplified short-circuit equivalent.

2
e = -Ri;e— (4.11)
The linear single-phase UMEC winding-limb reluctances are assumed equal,
R = R; = R},. Although steel cored transformer leakage path reluctances may
not be equal, they will be considerably larger than winding-limb and yoke path re-
luctances, (R} # RE) >> (R}, R3). In a linear steel-cored single-phase transformer
model, equations 4.8 and 4.9 can therefore be simplified to

R = RAC — oR* L RE (4.12)
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The primary and secondary open-circuit equivalent reluctances are equal and thus the
inductances L™ and L% (referred correctly by the square of the transformer turns
ratio) must also be the same.

In the case of air or partially cored transformers, dissimilar leakage path reluc-
tances may be of the same order of magnitude as winding-limb and yoke path reluc-
tance (R} # RE) ~ (R},,R%). Under these conditions, even if winding-limb reluc-
tances equate R} = R5 = R}, the open-circuit equivalent reluctances are not equal,
REDTIM oL R¥eC In this case the leakage flux paths significantly influence the primary
and secondary open-circuit tests. Inductances LZI'™ and L2%° (referred by the square
of the transformer turns ratio) are different.

When the secondary winding is shorted, figures 4.3(c) and (d) display the re-

sultant UMEC and simplified equivalent respectively. The simplified circuit contains
MMF N;iy(t) and equivalent ¢;(t) path reluctance

1(R3 + Ri+ Rf) + Ri(R§ + Rf)
RE + R+ R

FPTUM _
/R'sn e

(4.13)

Similarly, when the primary winding is shorted and the secondary energised, the UMEC
can be reduced to the single MMF N>is(t) and equivalent ¢;(t) path reluctance

R5(RE+ RE + Rg) + RE(RE + RY)
Ri+ Ry + R

*SeC __
Rss -

(4.14)

Equations 4.13 and 4.14 are derived in appendix D, sections D.3 and D.4 respectively.

If the UMEC path reluctances are time invariant, the inductances measured from
primary and secondary short-circuit tests are

i N l2
L™ = R (4.15)
and
sec Ng
LSS = R::ec (4- 16)

In the linear steel cored transformer example, R} = Rj = R}, and since (R} #
RE) >> (R}, R}), equations 4.13 and 4.14 can be simplified to

* *
R*prim = R*scc =t 4R5
88 85

— m (4.17)

The primary and secondary short-circuit equivalent reluctances are dependent upon
leakage flux paths only, and are equal. The inductances LII'™ and L3 (referred
correctly by the square of the transformer turns ratio) must also be the same.

In the case of air or partially cored transformers, the short-circuit path reluctance
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core terms can not be neglected. However, provided the winding-limb reluctances
equate, the primary and secondary equivalent reluctances remain equal.

4.2.2 The UMEC self and mutual inductances

The linear UMEC can also be applied to derive self and mutual terms of the inductance
matrix transformer representation

vi(t) | In M ﬁ‘li-(ﬂ
lﬂz[t)l a [le L22] lﬁg.zl] (4.13)

Self inductance can be defined as the scaling factor that relates winding voltage
to changes in winding current. The single-phase UMEC self inductances Ly; and Ly
are equal to the primary and secondary open-circuit inductances

, N2
Ly =L = —l= (4.19)
oc
and 4
L —L’“*———'NZ 4.20
22 = W_R-sec ( )
oc

Mutual inductance can be defined as the scaling factor that relates winding
voltage to the change in current of another mutually coupled winding. The figure
4.3(a) open-circuit UMEC can be simplified to that of figure 4.4 which includes single
MMF Nyii(t) and equivalent ¢o(t) path permeance

PIPIPS

Py =
27 (Ps + P (PL+ Py +PY) + P(P} + Pj)

(4.21)

(1)

Ny (1)

Figure 4.4 Mutual inductance equivalent circuit.

Similarly, if the primary winding is open-circuit and the secondary energised, the
UMEC can be reduced to a single MMF Nyip(t) and equivalent ¢;(¢) path perme-

ance RS
P} PSP

P = o PP + B3 + P) + Py(P; + P3)

(4.22)
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Equations 4.21 and 4.22 are both derived in appendix D, section D.5.

If the UMEC is linear and time invariant then the mutual inductances are

My, = N\ NoPyy (4.23)

and
My = NN Py, (4.24)

The mutual inductances M, and My, always equate.

The transformer model parameters of open and short-circuit, or self and mutual
inductance derived in sections 4.2.1 and 4.2.2 all assume time invariant path reluctance.
Although the derivations are useful to gauge the contribution of individual UMEC
branches upon each equivalent inductance, transformer models based solely upon these
parameters do not include saturation. If saturation is considered even the short-circuit
equivalent reluctances RP™™ and R23¢C are time variant; [Turner 1977] experimentally
measured the non-linear relationship between leakage flux and winding MMF. Therefore
core non-linearity must be added to the UMEC to improve transformer representation.

4.3 INCORPORATING A NON-LINEAR UMEC IN
PSCAD-EMTDC

The flow diagram of figure 4.5 describes the per-unit implementation of a non-linear
UMEC in PSCAD-EMTDC. If leakage flux path permeances are converted to per-unit,
the winding-limb and yoke branch saturation characteristics given in section 3.2.1 can
be applied to the UMEC.

The shape of leakage and winding-limb flux waveforms are dissimilar, since leak-
age flux is proportional to winding current while winding-limb flux is proportional to
the integral of winding voltage. The section 3.2.2 linear division of the winding-limb
flux ¢, into outer branches ¢, is now unacceptable. Calculation of UMEC branch flux
¢k requires the expansion of linearised equation 4.6.

g _[IMz] (Mz1] [1P3] (0] ] [(VGis
[a,] - [[M:sl [M:r]] [ (0] [p;]” o } (4.25)

Winding-limb flux ¢,(t — At) is calculated from winding current using the upper par-
tition of equation 4.25

Qgs = [M;s][P;][Ne]gs (4-26)

Yoke and leakage path flux ¢.(t — At) is calculated from winding current using the
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lower partition of equation 4.25
ér = [M:s]['P:][Ns]gs (4.27)

Branch actual permeance P} is calculated directly from the hyperbola saturation
approximation using solved branch flux ¢ (t — At). Once [P*] is known the per-unit
admittance matrix [Y;5] and current source vector 7%, can be obtained.

4.3.1 Time step delay validation

The Norton admittance matrix and current source vector are both derived from pre-
vious time step parameters. A time step delay is present between the winding current
vector 15, and UMEC branch flux vectors '53 and J:,.. With this delay a true solution
to the UMEC can not be found; the flux sums at each node and MMF sums around
each loop will not equate to zero. Although the typical PSCAD-EMTDC time step is
small (50 ps) the error resulting from the time step delay has not yet been gauged.

The iterative loop shown in figure 4.5 is required to obtain a simultaneous non-
linear UMEC and PSCAD-EMTDC electric circuit solution at each time ¢, Each it-
eration takes the electric network solution, uses the winding current is to update the
UMEC parameters q?, and &,-, and recalculates the Norton equivalent. Unlike the iter-
ative technique of section 3.4 this loop includes the electric circuit solution. Iteration
ceases when the UMEC flux sums at each node and MMF sums around each loop are
below specified tolerances.

Iteration at each time step modifies the original electromagnetic transient pro-
gram proposed by [Dommel 1969], and the PSCAD-EMTDC main program structure
shown in figure 2.2. Modifications are required when the electromagnetic transient
program is applied to non-linear systems. For instance PSCAD-EMTDC modifies the
electromagnetic transient technique with the addition of interpolation to accurately
determine HVdc converter valve switching instants.

In order to quantify the effect of the previous time step approximation, com-
parisons were made between the non-iterative and iterative UMEC implementation
techniques. To ensure that only the iterative loop differed in each technique, two elec-
tromagnetic transient programs were written from the flow diagrams of figures 2.2 and
4.5. Each program was written to model only the figure 4.6 single-phase transformer
test system.!

Comparisons were made for open-circuit, short-circuit and in-rush operating
conditions. Table 4.1 lists the test system electric circuit parameters for the three

scenarios, a 50 ps time step was applied in each case. The single-phase transformer

nsertion of the iterative technique in PSCAD-EMTDC requires alteration of the complex main
program structure. Valid technique comparisons are more easily achieved with the simplier case specific
programs.
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Figure 4.6 Iteration comparison test system.

UMEC winding-limb and yoke hyperbola saturation characteristic parameters, and
leakage reactance are as listed in sections 3.4, and 3.3.2 respectively. The leakage
permeances Py and Py were set at 4.12e-2 (p.u.) to give the 0.084 p.u. short-circuit

impedance.
vy (peak p.u.) | rs (pou.) | p (p.u.)
Open-circuit 1.0 0.001 1.0e+6
Short-circuit 0.1 0.001 1.0e-6
In-rush 1.0 0.001 1.0e+6

Table 4.1 Non-iterative and iterative test-system electric parameters.

Iterative and non-iterative UMEC solutions are compared in figure 4.7. In all
three scenarios the iterative and non-iterative solutions were indistinguishable. More-
over the open-circuit waveforms shown in figures 4.7(a) and (b) verify that UMEC
winding leakage flux is proportional to winding current. Figures 4.7(c) and (d) reinforce
that the short-circuit condition restricts flux from flowing in the secondary winding-
limb; the primary winding-limb flux (10% rated) halves and flows in each leakage path,
Figures 4.7(e) and (f) show that a linear division of the winding-limb flux into outer
branches is not acceptable; the winding leakage waveform is not a scaled version of the
winding-limb flux.

With a 50pus time step the non-iterative UMEC solution errors are small, and
the previous time step approximation is satisfactory, For example, figure 4.8 displays
the level of error introduced by this technique for the open-circuit test case. The MMF
sum around the primary winding-limb and leakage path loop is shown in figure 4.8(a),
and the flux sum at the top UMEC node (labeled N1 in figure 4.1(b)) is shown in
figure 4.8(b).

4.3.2 Removal of per-unit representation

The UMEC based PSCAD-EMTDC transformer models can be further simplified if
the reliance upon per-unit representation is removed. Although the per-umit system
was well suited to the linear and linearised models, a requirement of the HDA interval-
idation, the PSCAD-EMTDC convention is to set node voltages in kV, node current
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Figure 4.9 Real value UMEC implementation in PSCAD-EMTDC.
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must be stored to apply equation 4.26. Although [Py;] is diagonal, [MJ] is full and
therefore, in the latter method, element storage increases with the square of the UMEC
winding-limb branch number.

The elements of ¢, (t — At) can be calculated using magnetic circuit theory. The

MMF around the primary winding-limb and leakage branch loop must sum to zero,
stated as

balt— At) = P} (le,(t — At)— (- m)n;) (4.31)

The MMF around the secondary winding-limb and leakage branch loop must sum to
zero, stated as

(¢ — ) = P (Naia(t — &) — dalt - AR ) (4.32)
Finally, the flux at node N1 must sum to zero, stated as
$at— At) = ¢y (t — At) — da(t — At) (4.33)

Yoke branch actual permeance P} is calculated directly from solved branch flux
¢ (t— At) using equations 4.28 to 4.30. Once [P*] is known, the real valued admittance
matrix [Y;] and current source vector i}, can be obtained.

4.3.3 The Benmore converter transformers

The final UMEC implementation strategy, presented in the previous section, can be
applied to create practical transformer models. Figure 4.10 displays the core dimen-
sions, and table 4.2 gives the name-plate data, for the Benmore valve-group converter
transformers. This information was supplied by Trans Power New Zealand Ltd, the
transformer owners. In this section, single-phase transformer parameters have been
given for a star-grounded /star-grounded connection.

Electric circuit parameters
Rating 62.56 MV A

| Configuration | single-phase

Frequency 50 (Hz)

Vi 7 (kV)
v U (V)

Xleakc_tge 0.113 (p.u.)

Table 4.2 Benmore transformer name-plate data,

Winding turns number, core dimensions and B-H characteristics are seldom spec-
ified as part of a transformer purchase. This example is no exception and also there
is not sufficient information to calculate individual winding leakage permeances, This
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Figure 4.11 Assumed B-H saturation characteristic.

flux of 1.4T has been selected; the winding turn numbers are thus 65 and 450 turns
6 110
for the &5 and 75'

specify primary and secondary open-circuit current, the flux leakage path permeance
is assumed to be equally divided amongst the primary and secondary windings. This

kV windings respectively. Finally, the name-plate data does not

assumption allows leakage path permeances P and Pg to be calculated in accordance
with appendix C. The specified and assumed parameters required to model the Ben-
more transformer are summarised in table 4.4.

Electric circuit parameters | Magnetic circuit parameters
Rating 62.5 MVA | Awinding tims | 0.454 (m?)
Configuration | single-phase | Lyinding limb 3.59 (m)
Frequency 50 (Hz) Ayoke 0.454 (m?)
Verimary '5% (kV) Lyoks 2.66 (m)
Vsecondary 1—‘};-] (kV] Nprimary 65 (turns)
Xieakage 0.113 (p.w.) | Nsecondary 450 (turns)
Pa 5.85e-8
Ps 5.85e-8

Table 4.4 Single-phase UMEC model parameters.

An PSCAD-EMTDC transformer model was created from the table 4.4 parame-
ters, placed in the figure 4.12 test system, and subjected to open-circuit energisation
at full rated voltage, short-circuit energisation at 10% rated voltage, and full rated
load operation at unity power factor. Table 4.5 lists the test system electric circuit
parameters for the three scenarios, a 50us time step was applied in each case. Figure
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4.13 displays a select few simulation waveforms produced from the three scenarios.

% a X=0.113

-1

Figure 4,12 Single-phase field transformer test system.

Vs (kV) | 75 (82) | 0 ()
15 0.107 | 1.00e+6

Short-circuit 75 8.00e-3 | 7.50e-3

Rated-load % 8.00e-3 | 645

Open-circuit

Table 4.5 Single-phase field transformer test-system electric parameters.

The open-circuit current, shown in figure 4.13(a), exhibits the typical non-
sinusoidal magnetising waveform that lags the terminal voltage by 90°. The mag-
netising current magnitude appears reasonable, it equates to 0.047kA, and when nor-
malised by the rated transformer base current Ip,..=6.77kA, equals 0.0069 p.u. The
open-circuit yoke flux, shown in figure 4.13(b), is correctly in phase with the magnetis-
ing current at a peak flux level ¢3=0.639Wb. The corresponding yoke flux density
B3;=1.4T is in accordance with the previously described winding turns design at rated
voltage.

Figures 4.13(c) and (d) present short-circuit primary voltage and current respec-
tively. The short-circuit voltage vP***=1.31kV and current i?°**=8.42kA, give a leakage
impedance Xjeakage=0.156(2. When normalised by the impedance base Zps5e=1.37(2,
Xieakage=0.114 p.u., which agrees with the name-plate leakage specification. Finally,
figure 4.13(e) displays the primary current when a 1.0 p.u. (64.51) resistive load
is placed at the transformer secondary terminals. The simulated primary current
I,=6.80kA matches the rated primary current Ij,s. The small phase shift between
primary voltage and current results from the combined transformer leakage reactance
and winding resistance.

The single-phase Norton equivalent provides a reasonable representation of the
Benmore valve-group converter transformers. However assumptions were required to
derive model saturation curve, winding turns design and individual winding leakage
permeance, therefore further validations are required to certify the performance of
UMEC based transformer models.

*In all three cases the reference source voltage positive going zero-crossing occurs at time 0.08 secs.
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44 UMEC AND PSCAD-EMTDC TRANSFORMER MODEL
COMPARISON

Present HDA and PSCAD-EMTDC transformer models separate leakage, and core flux
into electric circuit series leakage reactance, and shunt magnetising branches respec-
tively. In HDA the single-phase two winding transformer magnetising current is halved
and placed on either side of the lumped primary and secondary leakage reactance. The
present non-linear PSCAD-EMTDC transformer model implements the magnetizing
current as a source across one winding of an “ideal” transformer, as shown in figure
4,14, In this context an “ideal” transformer is one that exhibits a leakage reactance
but zero magnetizing current. With reference to HVdc converter transformers, and
considering the relatively large impedances as seen from the converter side windings,
it can be acceptable to place the magnetizing currents on the ac system side of the
transformer leakage reactance.
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Figure 4.14 The PSCAD-EMTDC model and Steinmetz “approximate” circuit: (a) Steinmetz “ap-
proximated” equivalent, (b) PSCAD-EMTDC representation.,

The UMEC single-phase model can be applied to examine the consequences of
the conventional representation. If the core loss component of transformer magnetizing
current is neglected the single-phase transformer can be represented by the Steinmetz
“exact” equivalent circuit shown in figure 4.15(a) and (c). Alternatively, the single- -
phase transformer can be redrawn as the UMEC shown in figure 4.15(b). The Norton
equivalent implemented as shown in figure 4.15(d), is a model for the Steinmetz “exact”
equivalent circuit.
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circuit are

2;:3? = qsourcc + an'm + jXIpra'm (4'35)
Z::::ch = a’ (jXIsec + Rsec + zlond) (4.36)

where the * is used to indicate parameters referred to the generator (primary) side.

The magnetising current injection (drawn as the solid line current source of figure
4.16) will divide up between primary and secondary windings according to

T 7eract
KStmz(e:cact] = |{msec{ — |?§;:n‘; (437)
[ Imprim| | 252t
Similarly Steinmetz “approximate” equivalent circuit impedances are
Zu;fi’;;om = ysourcc + Rprim (438)
Z:ffmm = leprim + ﬂz(jxlsec + Rs(zc + Z{gad) (439)

Thus the magnetising current (drawn as the dashed line current source of figure
4.16) will divide up according to

Ummigeel _ 1Zprim |

K.S‘tmz{appro:c) =k )
umm‘iml izsa.gfrom*]

(4.40)

Table 4.6 displays the laboratory measured and simulated fifth harmonic using
the UMEC and conventional transformer models. Placing the circuit parameters of

Experimental UMEC | Conventional
Umprim| | 4.00 (mA) | 242 (mA) [ L11 (mA)
|Im,,.| | 48.0 (mA) |27.0 (mA)| 5.54 (mA)
Ameee| 12.0 11.2 4.98

IImnrm|

Table 4.6 Measured and simulated primary and secondary 5th harmonic magnetising current.

Appendix F into equations 4.37 and 4.40 gives K Stmz(ezact) — 1] 9 and K Stmz(approz) —
4.97 respectively.

The UMEC model predicts the same current division as the Steinmetz “exact”
equivalent and the current division ratio is similar to that of the experimental test
results. The conventional transformer model predicts a. magnetising current division
ratio equal to that of the Steinmetz “approximate” equivalent and does not match
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presented in section 3.3.3, the magnetising current is not halved and placed on each
side of the linear short-circuit admittance matrix. Instead there is no need to specify in
advance the distribution of magnetising current components, which have been shown
to be determined by the transformer internal and external circuit parameters.

MMTF sources Nyt (t) to Neig(t) represent each transformer winding individually,
and winding voltages v; (t) to vg(t) are used to calculate winding-limb flux ¢; (t) to ¢ (t)
respectively.

Permeances P7 to Pg represent the transformer winding limbs. If the total length
of each phase winding limb L., has uniform cross-sectional area A, the UMEC branches
1 to 6 have length %‘ﬂ and cross-sectional area A,,. Permeances Pj5 and Py, represent
the transformer left and right hand yokes respectively. The upper and lower yokes are
assumed to have the same length L, and cross sectional area A,. Both left and right
hand yokes are represented by UMEC branches 13 and 14 of length Lj3z = L1y = 2L,
and area A1z = Ay = Ay. Zero-sequence permeances Pjs to Pjy are obtained from
in-phase excitation of all three primary or secondary windings [Stuehm 1993].*

Unlike the three-limb linear and linearised model, which required acquisition of
non-conventional transformer parameters yi, y;, ¥;, and y;" (section 3.3.3), the UMEC
can be derived from conventional transformer manufacturer specifications. Leakage
permeances are obtained from open and short-circuit tests and therefore the effective
length and cross-sectional areas of UMEC leakage branches 7 to 12 are not required to
calculate P7 to Pfy.

The UMEC circuit of figure 4.18(b) places the actual permeance formulation in
the real value form

41 (2) ] Ty Y12 Y13 Y vis vie| [vi(f) ] [ins1]
i2(t) Yo1 Y2 Yoz Y2¢ Y25 Yoe | | v2(P) ins2
‘123 (t) _ | Ys1 ¥ Y Ya Vs Yse v3(1) " ?En.sS (4.41)
ia(?) Y41 Y42 Y43 Y44 Y45 Y46 v4(t) tngd
i5(t) Yst Us2 Y53 Yse Yss Yse | | vs(t) inss
Lig(t)]  Luer we2 Ve Vea Uss ¥es J Lvg(t)]  Lings

The matrix [Y;,] is symmetric and this Norton equivalent is implemented in PSCAD-
EMTDC as shown in figure 4.19, only the blue phase network of a star-grounded /star-
grounded transformer is shown.

The flow diagram of figure 4.9 describes the three-limb three-phase UMEC im-
plementation in PSCAD-EMTDC with only slight modifications. The trapezoidal in-
tegration equation 3.6 is now applied to the six transformer windings to calculate the
winding-limb flux vector ¢;(t — At). Equations 4.28 to 4.30 are utilized to calculate
the permeances of the winding branches. Once the previous time step winding current

a1t zero-sequence test data is not available, PJ; to P{, can be set equal to leakage path permeance.
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balt—AY) = Pl (Ngig(t Ayl = At)??,g) (4.47)

The zero-sequence elements of ¢, (t — At) are calculated using the MMF loop sum
around the primary to secondary winding-limb and zero-sequence branch, stated as

rs(t— At) = Py (inl (t — At) + Naia(t — At) — ¢1(t — At)R]

—@(t—Atm:) (4.48)

Py (Nl ig(t — At) + Naia(t — At) — d(t — AR

P16(t — At)
—palt— A:)R;) (4.49)
pir(t— At) = Pry (Niis(f — At) + Noig(t — At) — ¢5(t — At)Rj

~galt - A)R; ) (4.50)

Finally the yoke flux is obtained using the flux summation at nodes N1 and N2, stated
as

$1a(t — At)
P14(t — At)

$1(t — At) — ¢r(t — At) — dis(t — At) (4.51)
¢5(t — At) — b1 (t — At) — dy7(t — At) (4.52)

Yoke branch permeance Pj; and Py, is again calculated directly from solved
branch flux ¢;3 and ¢4 using equations 4.28 to 4.30. Once [P*] is known the real
valued admittance matrix [Ys] can be obtained.

4.5.1 UMEC factory data validation

A model for the Manapouri 105MVA, 13.8/220kV three-limb three-phase generator
transformer was constructed to validate the extended UMEC representation. The core
B-H characteristic, winding turns number, core dimensions and leakage reactance pa-
rameters were obtained directly from the transformer manufacturer, Savigliano. The
connection matrix for the Dyll transformer winding connection, and the complete
technical documentation provided by Savigliano are given in appendix H. The parame-
ters required to model the Manapouri transformer are summmarised in table 4.10. The
core B-H characteristics, presented in figure 4.20, is constructed from the hyperbola
constants of table 4.11.

A PSCAD-EMTDC three-limb three-phase transformer model was created from
the parameters of tables 4.10 and 4.11, placed in the figure 4.21 test systems. Table
4.12 lists the test system electric circuit parameters for each test system, a 50us time
step was applied in each case.
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Electric circuit parameters | Magnetic circuit parameters
Rating 106 MV A Awindéng timb | 0.5505 (mz)
Configuration | delta-star | Lyinding timb 1.932 (m)
Frequency 50 (Hz) Agore 0.5635 (m?)
Vorimary 13.8 (kV) Liyoke 4.001 (m)
Visscondary 220 (kV) Nprimary 78 (turns)
chakagc 0.1126 (p"ll') Nsecondary 718 (turns)
Pro11 1.67e-7
P, 10,12 1.67e-7
P15,16,17 1.67e-7

Table 4.10 Manapouri three-limb transformer UMEC model parameters.

Transformer core characteristic

0 50

i L
100 150

200 250

H (ampere/meter)

1
300 350

Figure 4.20 Manapouri transformer B-H saturation characteristic; Solid=Savigliano data, Dash-

Dash=Hyperbola approximation.

The factory test data is given in tabular form (appendix H), table 4.13 no-

load ratio, open-circuit, and short-circuit factory test results with simulation. Under

these steady-state operating conditions the three-limb three-phase UMEC provides an

acceptable match with the factory data.

4.6 CONCLUSIONS

Winding leakage flux representation has been shifted from the transformer electric
network to the unified magnetic equivalent circuit (UMEC). Each UMEC MMF source
now represents total winding current, rather than the magnetising current alone.

The PSCAD-EMTDC non-linear transformer model is based on the Steinmetz

“approximate” equivalent circuit. A uniform flux density is assumed throughout the
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ml m?2 bl | b2 £
0.0616 | 3.8e-4 | 0.0 | 1.69 | 0.750

Table 4.11 Manapouri transformer B-H curve hyperbola parameters.
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Figure 4.21 UMEC Manapouri three-limb three-phase transformer model test system: (a) open-
circuit, (b) short-circuit.

core legs and yokes, individual winding flux leakage reactances are combined and the
magnetising current is placed on one side of the resultant series leakage reactance.
The core flux is calculated using the voltage of only one transformer winding. Labo-
ratory and simulation results were used to show that this representation will produce
inaccurate division of magnetising current between the transformer windings.

The dependence of core flux on a single transformer winding, the arbitrary place-
ment of magnetising current, the uniform core flux assumption, and lumped leakage
reactance approximations can be eliminated with the use of the UMEC. The single-
phase UMEC model has been shown to be representative of the Steinmetz “exact”
equivalent circuit. The simulated division of magnetising current between the UMEC
transformer model windings was verified with the laboratory results.

A test system derived for the New Zealand HVdc converter station was used to

V:inetoimarms (kV) rs (Q_) " (Q)
No load ratio 13.8 0.00458 | 1.00e+7
No load 13.8 0.00458 | 1.00e7
Short-circuit 20.16 3.00e-3 | 3.00e-3

Table 4.12 Manapouri three-limb transformer test system electric parameters.
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Factory measurement | UMEC PSCAD-EMTDC simulation
: V.
No load ratio 9.218 (7331]—‘5) 9.215
No load red-phase current 23.8 (A) 23.2 (A)
Short-circuit leakage reactance 11.3 (p.u.) 11.7 (p.u.)

Table 4.13 Simulation and factory data comparison.

compare the steady-state behaviour of the PSCAD-EMTDC and UMEC single-phase
models. In this practical test system the PSCAD-EMTDC model led to significant

errors in predicting the magnetising current distribution between transformer windings.

A model for the Benmore single-phase converter transformers has been pre-
sented and verified with name-plate specifications. The single-phase UMEC model was
extended to represent three-limb three-phase transformers. A model for the Manapouri
105MVA, 13.8/220kV three-limb three-phase transformers was created and validated
with factory test data.



Chapter 5

THE GROUP CONNECTION; MEASUREMENT AND
SIMULATION

A recent CIGRE document published in ELECTRA has described the potential benefits
of a direct connection of generators to HVdc converters [Arrillaga et al. 1993a]. While
many theoretical contributions have been made, no practical test data has become
available so far. This chapter reports on harmonic tests carried out at the Benmore end
of the New Zealand HVdc link operating as a group connected scheme. The field data,
obtained provides an excellent bench-mark to further validate the UMEC transformer
model.

51 DIRECT CONNECTED GENERATOR HVDC CONVERSION

The direct connection of generators to HVdc converters was first proposed a little over
20 years ago [Calverley et al. 1973]. It is envisaged that direct connection schemes
could be strong contenders where generating stations exclusively feed IIVDC converter
terminals [CIGRE Joint Working Group 11/14-09 1993]. The main attraction is a
great simplification of the sending end system, as illustrated in figure 5.1 where the
intermediary filtered ac bus bar is removed. Feasibility studies have shown that the
exclusion of generator transformers, ac filters and associated switchyards would reduce
the station cost by about one third [Ingram 1988]. As well as the initial capital saving
further savings accrue as the low number of components should reduce maintenance
costs and improve reliability. The generators are completely independent and variable
turbine speed operation is possible to maximize overall generation efficiency [Arrillaga
et al. 1992],[Naidu and Mathur 1989]. Furthermore, generator self excitation, sub
harmonic oscillations and transient overvoltage phenomena are eliminated.

It has been suggested [Arrillaga et al. 1991] that, while the unit connection can
be designed to provide any specified nominal power, the absence of filters may limit the
operational capability at larger currents levels and thus reduce the ability of the link to
provide temporary power increases. In the absence of filters the generator must supply
all the reactive power of the converter. Other disadvantages are that characteristic
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harmonic currents flow in the generator stator windings causing additional losses and
parasitic torques, and the harmonic voltages impressed upon the stator windings cause
extra insulation stresses.

Issues relating to the design and rating of generators are becoming increasingly
the focus of unit connection studies. Hence while the steady state capability, opera-
tional aspects and transient behaviour are well documented from a theoretical point of
view, there is no practical information on the operation of such schemes and particularly

the harmonic content and required ratings of the generator units involved.

This chapter reports on recent harmonic tests carried out at the Benmore end
of the New Zealand HVdc link operating in the group connected mode, The field data
obtained is used to show that the UMEC Norton equivalent representation is an ideal
interface to realistic synchronous generator and valve group models. So far the UMEC
transformer models have only been validated in test systems with linear idealised source
and load representations.

5.2 GROUP VERSUS UNIT CONNECTION

One possible variation of the conventional unit connection concept is the group con-
nection and there are important operational differences between these two schemes. In
the unit connection each machine is directly connected to a 12 pulse converter, forming
a unit, and the dc line voltage is raised by adding a number of these units in series. Re-
duced dc power levels may dictate the removal of generating units and this will reduce
the dc¢ line voltage and therefore the transmission efficiency. Moreover, the inverter

end will then operate with larger value of 7, increasing the reactive power requirements
[Arrillaga et al. 1993c].

In the group connection the generators are connected to a common bus and
therefore the disconnection of generators does not affect the dc line voltage. The gen-
erators require some form of joint speed control and circuit breakers are also necessary
to take machines in and out of service.

Regarding generator design there is practically no difference between the unit
and group connections and, therefore, the group connected harmonic test results should
also be applicable to unit connection schemes.

5.3 HARMONIC TESTS

The New Zealand HVdec link transmits surplus hydro-power from the South Island
to major load centres in the North Island. The recently upgraded link consists of a -
parallel arrangement of two 12-pulse mercury-arc valve converters on pole 1 and a
new thyristor-valve 12-pulse converter on pole 2. The older pole 1 mercury-arc valve
equipment and the new thyristor pole 2 are rated for 270kV and 350kV respectively.
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The nominal line current is 2kA and hence the overall maximum continuous power
transfer is 1240MW from South to North.

5.3.1 The Benmore HVdc Terminal

Figure 5.2 extends the figure 4.17 test system to display the Benmore pole 1 terminal.
When either of the interconnecting transformers, T2 or T5, are removed from service
poles 1A or 1B can operate in group connected mode.

To the North Island
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Figure 5.2 Pole 1 of the New Zealand HVdc linl.

By arrangement with Trans Power New Zealand Ltd the system was available
for harmonic tests in the group connection (i.e. with no filters and the ac system
disconnected) during a recent period of maintenance for transformer T2. The maximum
power transmitted under this condition was 212 MW (80 % of full power) with three
generator units (G1-G3) connected on pole 1A.

5.3.2 Measurement Equipment

The harmonic measurements were made with a Hewlett Packard data aquisition unit
HP-3565 (DAQ) which forms part of the Benmore instrumentation to capture system
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Harmonic | rating (pu) | recorded (@212 MW)
11th 0.0744 0.0422
13th 0.0595 0.0267
23rd 0.0193 0.0067
25th 0.0154 0.0037

Table 5.1 Machine stator current harmonics.

If the dynamic simulation results are extrapolated in the high current region
to the rated half-pole power of 270 MW, the rated harmonic currents are still not
exceeded.

Conventional generators normally have extra thermal capacity to sustain 10%
of negative sequence loading [Uhlman 1975); however negative sequence is practically
absent in the unit connected mode and the extra capacity compensates for the harmonic
loading. This was verified for the Benmore generators after the original commissioning
in the mid 1960’s, when the rated machine power output (90MW) was confirmed for
group connected 12-pulse operation.

5.5 GROUP CONNECTION SIMULATION AND FIELD DATA
COMPARISON

The ability of dynamic simulation to predict the harmonic content of the group con-
nection was assessed by comparison with the experimental results. Each converter
transformer within the delta-delta and delta-star three-phase banks were represented
with the new single-phase UMEC model. The simulation parameters of the UMEC
transformer, synchronous generator, and converter models are given in appendix I
Simulations were run for sufficient time to reach the steady state. The resulting voltage
and current waveforms were then processed, using the FFT, to derive their harmonic
spectra.

Figures 5.3 and 5.4 display the machine current and voltage harmonic level
comparisons. Overall the harmonic current levels are quite close to the test results, as
they are less influenced by the generator operating conditions and more by the dc link
firing and current control (which were fixed during the tests), The experimental and
simulated voltage trends are consistent, their magnitude discrepancies being sensitive
to uncertainties in the available generator parameters.

To give some perspective to the difference between the harmonic estimations,
for a dc line current of 405A, figures 5.5(a) and (b) compare a single cycle of simulated
generator current and voltage respectively with the measured data. Although there
are differences in the plotted per-unit values of figures 5.3 and 5.4, the time domain

waveforms seem to be in reasonable agreement.












Chapter 6

THE SMOOTHING TRANSFORMER

This chapter describes an alternative concept to conventional dc filters for reducing
the voltage harmonic content on the dc side of an HVdc converter. The scheme uses
a transformer instead of a smoothing reactor, but the connection is such that the
conventional transformer model of the PSCAD-EMTDC program can not be used to
simulate the schemes performance. Instead the UMEC model developed in chapter 4
had to be used to simulate the iron core saturation.

6.1 HVDC CONVERTER DC SIDE FILTERS

Unlike ac filters, which provide reactive power compensation to the converter, dc filters
are used exclusively to reduce the dc line harmonic content. Therefore the design of dc
side filters, although a complex exercise [Testi 1994], permits greater flexibility in the
selection of filter components to try and minimise the cost of the converter plant.

Compacting the HVdc terminal has been investigated as a means for cost re-
ductions [Asplund ef al. ]. The outdoor valve [Astrom et al. ] has been suggested
to significantly reduce the dimensions of the valve housing, and active dc filters are
proposed to decrease the area needed for the dc switchyard.

The direct connection offers the advantages of compact HVdc as well as variable
generator operating frequency. If the ac frequency supplying the converter is variable
then the effectiveness of tuned dc side filters reduces. Recently it has been shown that
the variation of harmonic voltages in the dc system will cause the conventional filters
to function ineffectively [Pang and Tarnawecky 1995] and that active or on-line tuning
filters are required.

Active dc filters have been considered as an alternative to the conventional pas-
sive component design [Cheuksun et al. 1989]. The active filter injects harmonic cur- -
rent back into the converter to “neutralise” the harmonic currents produced by the
converter, Active filters are more complex than passive filters and they require ac-
curate detection of harmonic voltage magnitude and phase, at the transmission line
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6.3 SMOOTHING TRANSFORMER SATURATION

An unsaturated iron-cored smoothing transformer will exhibit the high level of coil
coupling required for successful de side harmonic voltage cancellation. However, the
secondary winding of the smoothing transformer carries the full dc line current. Unless
the transformer core cross-section is unrealistically large this current will force the iron
core deep into saturation, and reduce the coil coupling severely.

The new UMEC transformer model is better suited than the PSCAD-EMTDC
single-phase representation to determine the effects of smoothing transformer satu-
ration. The magnetising component of the non-linear two-winding PSCAD-EMTDC
transformer model must be injected across either the primary or secondary winding.
However, in the case of the smoothing transformer, the magnetising current can not
be injected across the capacitor winding because dc component present in the mag-
netising current will charge the dc blocking capacitor to an unrealistic voltage. The
only remaining option is to inject the magnetising current across the de line side wind-
ing. However, if the inverter and dc transmission line are represented by a constant dc
current source (as was the case for the Benmore group connection validations) the ac
components of the magnetising current can not flow in the dc line side winding. The use
of the UMEC transformer model avoids these problems since the magnetising current
will correctly distribute itself amongst the capacitor and dc line windings according to
the system impedances at the transformer terminals.

The test system for the PSCAD-EMTDC solution consists of a three-phase ideal
source directly connected to a six-pulse controlled converter feeding a purely resistive
load. The non-linear UMEC transformer model (in the smoothing transformer con-
figuration shown in figure 6.1) is connected between the converter and dc load. The

source, converter, smoothing transformer and load parameters are given in appendix
J.

The behaviour of a hypothetical linear iron-core smoothing transformer was first
examined. Figure 6.2(a) displays the wall bushing, and dc line voltages for this test
case. Without saturation, even when a dc¢ current flows in the transformer winding, the
coil coupling remains high and the smoothing transformer almost completely cancels
the wall bushing voltage harmonics.

To asses the effect of saturation two extreme operating conditions were selected.
In both examples the iron-core winding-limb saturation knee point resides at a flux
level of 1.03 (p.u.). In the first case the converter firing angle is set to 15° and the
iron-core smoothing transformer is operated deep in saturation. Figures 6.2(b) and (c)
present the dc harmonic voltage cancellation and winding-limb flux respectively. The -
voltage waveforms show that the smoothing transformer still significantly reduces the
dc line harmonics, and the flux waveforms verify that this cancellation occurs entirely
in the saturated region.
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Deep in saturation the smoothing transformer magnetising current is linearly
proportional to winding voltage. Therefore, although a less likely operating condition,
the second case investigates the level of cancellation for operation that traverses the
saturation knee region. A 60° converter firing angle was used to obtain a greater flux
variation, and the dec current was lowered to 0.18 (p.u.) to bring operation below the
knee region. Simulation time was lengthened to allow the dc side waveforms to stabilise
under the lightly loaded conditions. Figures 6.2(d) and (e) display this operating
condition. Again the smoothing transformer significantly reduced the wall bushing
voltage harmonics.

The waveforms of figure 6.2 provide only a qualitative assessment of the perfor-
mance of the smoothing transformer. They show that substantial voltage cancellation
still occurs when saturation reduces coil coupling. Although the leakage paths separate
the primary and secondary winding-limb flux by a significant de¢ component, the har-
monic flux magnitudes are similar. Also, the primary and secondary winding voltages
are similar even if the coil coupling reduces and the smoothing transformer experiences
very little harmonic load.

If a saturated iron-core smoothing transformer provides reasonable voltage can-
cellation, an air-core design should also provide an effective solution. Since the air-core
design is linear, the PSCAD-EMTDC mutually coupled coil representation is equally
suitable as the UMEC model for linear smoothing transformer representation.

6.4 REALISTIC DESIGN CONSIDERATIONS

Figure 6.3 displays how the conventional air-core smoothing reactor may be modified
with the addition of a low current primary winding to create the compact smoothing
transformer.

Primary winding

/

Secondary winding —/

Figure 6.3 Impression of smoothing transformer section.

The viability of the smoothing transformer principle is dependent on its steady-
state and transient performance using realistic components. Sizing the capacitor will
affect performance. The capacitor is the most costly element of conventional dec side
filters [Testi 1994] and is restricted in size. Even if the smoothing transformer capacitor
can be designed to pass minimal harmonic current it is stressed by the total dec voltage
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in the same manner as the conventional filter. In line with present HVdc filter designs
the value of capacitance is limited to one micro-farad [Arrillaga 1983).

One coil of the smoothing transformer carries the full dc line current. As shown
in the previous section this current would force a steel core transformer deep into
saturation and may not provide suitable coil coupling for acceptable harmonic voltage
cancellation, An air cored transformer will not saturate, but will offer poorer coil
coupling. As the smoothing transformer essentially operates on no load, poorly coupled
coils may be sufficient to provide harmonic voltage cancellation. For this example the
self inductance of the coil carrying the dc line current is set to 0.16H, this is equal to
the NZ HVdc Pole 2 smoothing reactor inductance.

h12
3 Y o
i L L
1 11 22 5
A
a a
Wy Vi| Ny N3 V2

Ve

TC_L O

Figure 6.4 Harmonic voltage cancellation principle.

As the capacitor value is finite and restricted in size, the transformer ratio cannot
be set to unity. The design for the capacitor winding is found from a steady-state
analysis of the circuit of figure 6.4, The transformer secondary is open-circuit and
applying Kirchoff’s voltage law around the primary circuit gives

s 3 1
Vi = tjlwn Ly — m] (6.1)

where wy, is the angular frequency of the harmonic voltage source.

Under no load conditions, the transformer primary voltage is related to the
secondary voltage by

Vi =aVy (6.2)

where a is the transformer turns ratio.

Rearranging equation 6.1 to solve for the capacitor circuit current and multiply-
ing both sides by jwy,L1; gives '
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<, VijwnLit
ijwply = ——————— 6.3
JwpLny — ;ﬂz (64)

Utilizing Vi= ijthl 1 and equation 6.2, equation 6.3 can be rewritten as

7 = VidwnLiy

aVp = - ; (6.4)
jwnln — Gz
For harmonic voltage cancellation to occur
Vo=V, (6.5)
Substitution of equation 6.5 into 6.4 gives
-~ VijwnL
0 T o=t | (6.6)

Jwhrlny — ‘;,':'5

The transformer turns ratio @ can be defined in terms of primary and secondary self

inductance.

a=y|— (6.7)

Substitution of equation 6.7 into equation 6.6 gives a quadratic equation in terms of
the primary winding self inductance Lj;

2 1
q= L%l + [—Lgy — L‘J‘EE]LI] + 'J?:('Tz (6.8)

where the two solutions of equation 6.8 (ie ¢g=0 in figure 6.5) provide possible values
for the self inductance of the smoothing transformer primary winding. With the self
inductance of the secondary winding Ly; set at 0.16H, the quadratic equation 6.8 is
plotted in 6.5 for various capacitor values.

The two solutions for the quadratic equation 6.8 are given by

2 2 12 _ 4
Ly + o * [l + Gl ~ e
2

-Lll —

(6.9)

In the case of the positive root, ﬁ < wyLyy and the current 7 will lag the
voltage Vj, by 90° (the inductive solution). The phasor diagram for this solution is
shown in figure 6.6(a), Ly, will always be greater than Lg; and the transformer ratio
a will be greater than unity. As C — 0, it is simple to show that L;; — oo and as
C = 00, L1y — Los.
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Figure 6.6 Inductive and capacitive harmonic cancellation solutions; (a) the positive root, (b) the
negative root,

Although in both cases at the 12th harmonic the gain is unity and the phase
either 0° or 180°, the characteristics are very different. In both solutions equation 6.10
shows that as wj, — oo the gain approaches :1; For the parameters used to create figure
6.7, %=0.74 and 2.83 for the inductive and capacitive solutions respectively. In this
example, the capacitive solution is clearly not an acceptable design.

The gain of the inductive solution for harmonics above the 12th remains close
to unity, and at worst becomes equal to the inverse of turns ratio, 0.74. This implies
that a smoothing transformer with this design would remove 74-100% of the harmonic
voltage content above the 12th.

Both cases exhibit a resonance point. In the inductive solution resonance occurs
at a non-characteristic frequency just above the sixth harmonic (300Hz). The angular
resonant frequency is calculated from

1
OB e

Combining equation 6.9 with 6.11 shows that as C' —0 the resonant frequency wp — w.

(6.11)

Figure 6.8 displays the variation in inductive solution resonant frequency with different
values of capacitance.
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Figure 6.8 Resonant frequency variation; Dash-dash=1IL3; equal to the NZ HVdc Pole 2 smoothing
reactor inductance.

and transmission line parameters are given in appendix K.

The smoothing transformer design selected in the previous section is used with
the test system, that is L;1=0.2926H, L9s=0.16H and C'=0.923 puF. The ideal cou-
pling factor (k=1.0) used for best harmonic cancellation is unrealistic for a transformer
with an air core. The coupling factor selected at £=0.96 uses as a basis an air cored
laboratory transformer that was tested to exhibit a coupling factor of this order.

6.4.2 Steady-state performance

The Benmore test system was run to steady-state at full Pole 1A dc line voltage (270kV)
and current (1000A) using PSCAD-EMTDC. Harmonic voltages were calculated at
the rectifier wall bushing and at the start of the dc transmission line for two cases.
Case A contains the Benmore smoothing reactor and the dc side filters (the design
for the Benmore Pole 1A dc line filters are given in appendix K). Case B utilizes
the smoothing transformer design selected above with the coil coupling factor k=0.96.
Table 6.1 presents the conventional filter and smoothing transformer performance for
Cases A and B at 35Hz, 50Hz (rated frequency) and 55Hz generator frequency. The
performance measure for each harmonic is given by

% harmonic reduction = 100(1 — %_@5-!-} (6.13)

why
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where
Vie = The harmonic voltage present at the start of
the dc transmission line
Ve = The harmonic voltage present at the

converter wall bushing

35Hz 50Hz 55Hz7
Case | Case | Case | Case | Case | Case
A B A B A B
(%) | (%) | (%) | (%) | (%) | (%)
Via | -55 43 97 97 85 92
Voa | 83 78 95 75 93 73
Vag | 95 76 93 79 87 73

Table 6.1 Harmonic reduction at variable frequency.

The smoothing transformer has reduced the characteristic voltage harmonics
produced at the rectifier wall bushing. At the 12th harmonic for 36Hz operation
(420Hz) the smoothing transformer cancellation falls to 43%. This operating condi-
tion is near the primary circuit resonance point (306Hz) and in this example primary
circuit resistance R has not been implemented to control the smoothing transformer
gain. In comparison at this operating point the conventional filter results in a 155%
reinforcement due to its own resonance between the smoothing reactor and dc blocking
capacitor. '

Over all operating frequencies examined the performance of the smoothing trans-
former is either equal or superior at the 12th harmonic and slightly poorer at the 24th
and 36th as compared with the conventional filter. However the 12th harmonic is by
far the dominant dc side component of HVdc converters at all generator operating
frequencies.

As postulated previously, the harmonic current ratings of the smoothing trans-
former components can be less than that of the conventional filter. Table 6.2 presents
the rms current flowing in the conventional filter and smoothing transformer primary
circuit for the variable frequency operation.

Conventional filter | Smoothing transformer

current (Apms) primary current (Apms)
35 (Hz) 12.21 10.05
50 (Hz) 9.05 8.73
55 (Hz) 10.30 9.71

Table 6.2 Conventional filter and smoothing transformer harmonic current.
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studies also indicate that the current harmonic ratings of the smoothing transformer
de blocking capacitor are less than those of the capacitor of a conventional filter.

The transient response of the dc link to a dc short-circuit, both in terms of peak
fault current and recovery voltage, have been shown to be practically the same as those
of a conventional scheme.
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three-phase UMEC models under steady-state operating conditions the two alternative
constructions were subjected to open-circuit, short-circuit and over-voltage compar-
isons. The test system is shown in figure 7.2 and the circuit parameters are listed in
table 7.2 for the three test cases.?

vahne to ground rms (kV) Ts (Q) Tl (Q)

Open-circuit ?33- 0.107 | 1.00e+6

Short-circuit 78 8.00e-3 | 7.50e-3
16%1.1

Over-voltage o, 0.107 | 1.00e+6

Table 7.2 Benmore three-limb transformer test system electric parameters.

r 16kV X=0113 110KV

'9‘@
S

Figure 7.2 Benmore HVdc converter transformer steady-state test system.

Figures 7.3(a) and (b) display the three-limb UMEC open-circuit magnetising
cmrrent and primary winding-limb flux waveforms respectively. As expected the mag-
netising current of the yellow-phase in the three-limb core is lower than those of the red
and blue phases. The red, yellow and blue currents reach rms magnitudes of 0.043kA,
0.037kA and 0.043kA respectively; these currents are close to the matched red, yellow
and blue three-phase bank magnetising currents of 0,047kA. The three-phase mag-
netising currents and winding-limb flux waveforms are in phase, and correctly lag the
winding voltage by 90°.3

The short-circuit three-phase primary winding voltage and current waveforms
are shown in figure 7.3(c) and (d) respectively. The three-limb transformer red, yellow,
and blue-phase leakage reactances equate to 0.153€2, 0.15652, and 0.153%2 respectively.
The short-circuit results compare favourably with the single-phase leakage reactance
of 0.15652. The three-phase short-circuit currents all correctly lag the winding voltages
by 90°,

The three-limb short-circuit reactances are slightly unbalanced. The yellow-
phase is slightly greater than the equal red and blue-phases. Such a result supports
the section 4.2.1 conclusion (although explicit formula were only derived for the single-
phase linear case) that short-circuit inductances are dependent upon core as well as

?For the single-phase UMEC tests only the over-voltage scenario required simulation; the open-
circuit and short-circuit simulations were performed in section 4.3.3

In all three scenarios the reference red phase to ground voltage positive going zero crossing occurs
at time 0.08secs.

rHE LIBRARTY
URIVERSITY OF CANTERBURY
SURIRTAMURCH. N.Z
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Figure 7.3 Benmore three-limb three-phase transformer steady-state tests; Solid=red-phase, Dash-
dash=yellow-phase, Dash-dot=Dblue-phase: (a) open-circuit, primary winding current, (b) open-circuit,
primary winding-limb flux, (c) short-circuit primary winding voltage, (d) short-circuit, primary winding
current.

flux leakage paths.

The over-voltage test results for both the three-limb and three-phase bank UMEC
models are shown in figures 7.4(a) and (b) respectively. The three-limb red, yellow and
blue magnetising currents are 0.078kA, 0.067kA and 0.078kA respectively as compared
with 0.086kA for the three phases of the independent transformer banks. This is con-

sidered sufficiently close for such excursion into saturation.

7.1.2 Transient comparison

The waveforms produced by the three-phase bank and three-limb three-phase trans-
former models in the previous section are similar under open-circuit and short-circuit
operating conditions. Such similarity, however, is not sufficient to justify the common
practice of ignoring the complexities involved in modelling the three-limb core. This






102 CHAPTER 7 HVDC CONVERTER TRANSFORMER. COMPARISONS

the high voltage transformer terminals. In the latter case, opening of the high voltage
circuit-breaker during a fault on the generator bus-bar will give operating conditions
similar to that presented in figure 7.5 (once the converter has blocked).

At the onset of the fault the dc line current is ramped down to zero in one quarter
of a cycle [Joosten et al. 1990]. In order to highlight the behaviour of each transformer
type the converter is not restarted after the fault is cleared.

The generator currents for the three-phase bank and three-limb converter trans-
former test cases are shown in figures 7.6(a) and (b) respectively. Although the peak
magnitude of red-phase generator current (82.7 kA) is identical for both converter
transformer types, in the three-limb example the generator feeds yellow and blue fault
currents as well. In both cases the generator red-phase supplies the fault through the
mainly inductive generator internal impedance; the generator red-phase current lags
the internal emf by 90°.4

~100 ~100

s o8z o o [T 05 (L] i 082 YT} 088 o8 5 052
time (s) time (z)
(a) (b)

Figure 7.6 Generator currents, 16kV red phase to ground fault, star-grounded/star-grounded con-
verter transformer; Solid=red-phase, Dash-dash=yellow-phase, Dash-dot=Dblue-phase: (a) three-phase
bank test system, (b) three-limb three-phase test system.

The primary winding currents for the three-phase bank and three-limb three-
phase UMEC models are shown in figures 7.7(a) and (b) respectively. At the onset of
the fault the three-phase bank primary current ramps to zero through the conducting
phases. In the three-limb case this ramp is superimposed upon significant fault current
(of peak 23.0kA) on all three transformer windings. '

Once the converter currents have ramped to zero the transformer is effectively
open-circuit. Consider only the transformer primary windings shown in figure 7.8(a)
and the phasor diagram of figure 7.8(b). The reference phasor diagram is the three-
limb transformer primary red-phase voltage Vi prior to the fault. During the fault
instead of the nominal flux &31 in the red-phase winding-limb, the shorted red-phase

“The reference red phase to ground generator internal emf positive going zero crossing occurs at
time (.8secs.
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Figure 7.9 Star-grounded/star-grounded converter transformer fault recovery (left hand side=three-
phase bank, right hand side=three-limb three-phase); Solid=red-phase, Dash-dash=yellow-phase,
Dash-dot==blue-phase: (a) and (b) primary winding current, (c) and (d) primary winding-limb flux.

7.2 BENMORE CONVERTER TRANSFORMER COMPARISONS

The previous section has clearly shown the different behaviour of three-phase bank and
three-limb three-phase transformers. However the results are not applicable to HVdc
converters, which do not include a star-grounded/star-grounded transformer.

In chapter 5 a PSCAD-EMTDC model of the Benmore group connected HVdc
converter station was verified with field data. In this practical test system the converter
transformers were represented adequately with single-phase UMEC models connected
in the delta/delta (Dd0), delta/star (Dyll) configuration. For a realistic HVdc test
system, the Benmore transformer connections are used in this section together with the
three-limb three-phase UMEC transformer of section 7.1, and the transient behaviour
is compared with corresponding results from the three-phase bank transformer model.
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7.2.1 Steady-state performance

Open and short-circuit tests of the UMEC single-phase and three-limb Benmore con-
verter transformer models have already been presented in sections 4.3.3 and 7.1.1 re-
spectively. The purpose of this section is to verify that the three-limb core configuration
does not alter the steady-state operation of the HVdc converter.

Figures 7.10 (a), and (b) compare field data with the simulated three-limb three-
phase converter transformer Benmore test system. The simulated and measured time-
domain waveforms are in close agreement. The generator and converter parameters are
as applied in section 7.1.2. The parameters of the Dd0 and Dy11 three-limb three-phase
converter transformers are given in appendix I, and the Benmore converter is operating
on group connection with a dc line current of 405A.

volage (kV)

i n 1. A A, L 1 o - - I L i i i a A A L

0 0002 0.004 0006 0008 001 0012 0014 0016 0.018 002 B 000z 0.000 0005 0008 GOl 001z 001 0016 0018 002
Ttme (s) “time {2}
(a) (b)

Figure 7.10 Benmore group connection generator waveforms, Dd0 and Dyl1 three-limb converter
transformers, I4=405A; Solid=field measurement, Dash-dot=simulation: (a) generator current, 3 ma-
chines, (b) generator voltage.

7.2.2 Transient comparison

A red phase to ground fault has been selected to investigate the transient behaviour
of the Benmore converter transformers. The fault is applied to the 110kV side of the
Dd0 converter transformer (time=1.0secs), and the converter is blocked and the bypass
valves fired two cycles later (time=1.04secs). The circuit-breaker opens two and a half
cycles after the fault (time=1.05secs). The circuit-breaker recloses after 0.03secs and
the converter is deblocked three cycles after the reclose (time=1.14secs).

Figure 7.11 displays the test system. The Pole 1 Benmore converter transformers
are situated at the generator power-house, and connected to the synchronous machines
by a 16kV enclosed bus network. Therefore the fault is more likely to occur on the
110kV overhead line connecting a converter transformer to the valves. The fault is
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Figure 7.13 Converter transformer line currents, fault recovery (left hand side=three-phase bank,
right hand side=three-limb three-phase); Solid=red-phase, Dash-dash=yellow-phase, Dash-dot=blue-
phase: (a) and (b) Dd0 primary current, (c¢) and (d) Dy11 primary current.

Benmore units. As expected, reconnection of the transformer windings in the Yy0 and
Yd11 configuration does not affect the steady-state waveforms of the Benmore group
connected scheme, measured and simulated time domain steady-state waveforms are
shown to be in close agreement.

7.3.2 Transient comparison

In conventional HVdc terminals the converter transformers are positioned with the
secondary transformer bushings extending into the enclosed valve-hall and a fault to
ground on the secondary side the converter transformers is unlikely. A phase to ground
fault is most likely to occur on the converter transformer primary side; these windings
are commonly connected to an outdoor ac switchyard. Therefore the transient behav-
iour of the three-phase bank and three-limb three-phase converter transformers is again
compared, this time using a red phase to ground fault on the 16kV bus-bar.
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Figure 7.14 Dd0 converter transformer, 110kV red phase to ground fault and recovery; Solid=red-
phase, Dash-dash=yellow-phase, Dash-dot=Dblue-phase: (a) Three-phase bank primary winding-limb
flux, (b) Three-limb three-phase primary winding-limb flux.

Figure 7.16 displays the new HVdc converter transformer test system configura-
tion. The parameters for the generator, converter transformers, and valve groups are
as applied in the previous steady-state field data verification (section 7.2). Details of
the circuit-breaker, bypass valve, and fault parameters are given in appendix I. The
sequence and timing of the fault, circuit-breaker, and converter controls are identical
to those of the previous 110kV red phase to ground fault study (section 7.2.2).

Figures 7.17(a), and (b) present the generator current in the three-phase bank,
and three-limb three-phase converter transformer test systems respectively, prior to
the circuit-breaker reclose. The red-phase generator fault currents are similar, but
the yellow and blue-phase currents of the three-limb converter transformer test system
exceed those of the three-phase bank.

The three-phase bank and three-limb three-phase Yy0 converter transformer
primary currents 4, are shown in figures 7.18(a), and (b) respectively. In this winding
configuration the single-phase bank is not affected by the presence of the fault. However
significant fault currents flow in the primary winding of the three-limb three-phase
converter transformer. The Yy0 three-limb converter transformer transient behaviour
is similar to that of the star-grounded /star-grounded unit explained in section 7.1.2.

Fault currents flow in both the three-phase bank, and three-limb three-phase
Yd11 transformer primary currents 4,4, shown in figures 7.18(c), and (d) respectively.
This behaviour is caused by the delta secondary winding connection. Although the
red-phase primary is shorted, the three secondary windings are energised (due to the
delta connection) and fault current flows in all the transformer windings.

Between fault initiation and converter blocking the fault current is superimposed
on the converter currents. Once the blocking is ordered, the bypass valve is fired, and
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Three-phase three-limb phase-to-gound fault

Saf
f o
ol 4
g
ol
o
A0
B0
i " i L i . 1 i i A A A A L L . = PR !
098 099 1 101 102 103 104 105 106 107 1.08 988 089 1 101 102 103 104 105 106 107 108
time (s) time (5}
(a) (b)

Figure 7.17 Generator currents, 16kV red phase to ground fault; Solid=red-phase, Dash-
dash=yellow-phase, Dash-dot=Dblue-phase: (a) three-phase bank test system, (b) three-limb three-phase
test system,

7.4 CONCLUSIONS

In this chapter equivalent UMEC three-phase bank and three-limb three-phase HVdc
converter transformer models have been compared under steady-state and transient
operating conditions. Under steady-state open-circuit, short-circuit and over-voltage
conditions both transformer types produced acceptably similar waveforms. A single
phase to ground fault was applied to the primary bus-bar of a star-grounded/star-
grounded converter transformer. This test system included a single six-pulse HVdc
valve group. Significant fault currents flowed in all primary phases of the three-limb
three-phase converter transformer, yet no fault currents flowed in the three-phase bank.
The behaviour of each converter transformer type was also dissimilar after the fault

was cleared.

Assessment of three-phase bank and three-limb three-phase converter trans-
former behaviour was made in a practical test system. A red phase to ground fault was
applied to the converter side of the delta/delta converter transformer of the Benmore
group connected test system. In this example the behaviour of the three-phase bank
and three-limb three-phase converter transformers were almost indistinguishable. The
faulted delta winding electrically, rather than magnetically, connected all phases to the
fault.

Finally, three-phase bank and three-limb three-phase pairs of star-grounded /star-
grounded, star-grounded/delta converter transformers were placed in the Benmore test
system and again verified with steady-state field data. A red phase to ground fault was
applied to the converter transformer primary side. In this typical winding configura-
tion fault currents were present on all three-phases of the three-limb star-grounded/star

converter transformer. The single-phase equivalent failed to show this effect.
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Tigure 7.18 Converter transformer winding currents, 16kV red phase to ground fault (left hand
side=three-phase bank, right hand side=three-limb three-phase); Solid=red-phase, Dash-dash=yellow-
phase, Dash-dot=Dblue-phase: (a) and (b) Yy0 primary current, (¢} and (d) Yd11 primary current.
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Figure 7.19 Converter transformer winding currents, fault recovery (left hand side=three-phase
bank, right hand side=three-limb three-phase); Solid=red-phase, Dash-dash=yellow-phase, Dash-
dot=Dblue-phase: (a) and (b) Yy0 primary current, (¢) and (d) Yd11 primary current.



Chapter 8

FUTURE WORK AND CONCLUSIONS

In this thesis magnetic circuits have been used to model single-phase and three-limb
three-phase transformers. The proposed magnetic equivalent circuit (MEC) concept
has been implemented in an electromagnetic transient program as a Norton equiva-
lent. Since the transformer model applications presented in this thesis are specific to
HVdc improvements, the PSCAD-EMTDC package has been used to incorporate the
proposed models. Moreover the effort spent on the PSCAD-EMTDC program trans-
former models, relative to other HVde components, has been small.

The MEC model has been used to intervalidate the Harmonic Domain Analysis
(HDA) and PSCAD-EMTDC programs. Intervalidations have been performed for over-
voltage excitation of single-phase and three-limb transformers with the test system
supply impedance being purely resistive, and series resonant respectively. Acceptable
matches in Time Domain waveforms and Harmonic Domain spectra were achieved in
each case.

The interphase magnetic coupling representation of the three-limb three-phase
MEC model was verified with experimental data. Currently PSCAD-EMTDC uses
magnetically independent phase models. Comparisons between equivalent PSCAD-
EMTDC three-phase bank and MEC three-limb three-phase models under steady-state
energisation, flux decay and in-rush operating conditions showed considerable differ-
ences in the behaviour of each model.

The present PSCAD-EMTDC transformer model core flux is calculated from
the voltage of only one winding, a uniform flux density is assumed throughout the core
legs and yokes. The non-linear magnetising current is injected across the terminals of
one transformer winding. The unified magnetic equivalent circuit (UMEC) transformer
model does not apply any of these approximations.

Laboratory results were used to show that the UMEC representation provides
~ an accurate division of magnetising current between transformer windings. To demon-
strate the effects of the PSCAD-EMTDC transformer approximations in a practical test
system, the New Zealand HVdc system was used. For the case of load rejection, the
results showed that the PSCAD-EMTDC model lead to significant errors in predicting












Appendix A

NORTON EQUIVALENT ADMITTANCE MATRIX
SYMMETRY

To prove the symmetry of the Norton admittance matrix [Ys], it must be shown that
the product [M][P] (see equation 2.25) is symmetric,
[M][P) = [P] - [P)[A(AI" [PI[A]) ' [A]"(P) (A.1)

Now

T
(vaiP1) = (P17 - (P LAEAT 1PILA) AT (I (A.2)

Since the permeance matrix [P] is diagonal [P]T = [P], and therefore [A]7[P][A]
is obviously syqrpmetric. The invelrse of a symmetric matrix is also symmetric, thus
([A]T[P][A]) = ([A]T[P][A]) . Therefore

T
(Bae1) = 1P~ PYAIAT PYLAD AP (A3)
T
and the product [M][P] = ([M ][P]) ‘
If [M][P] is symmetric the upper left-hand partition [Mj,][P;] is also symmetric.

Now

“1At

ol = ((MlPIN) - SN (A4

and the scaler 5t does not affect [Y,] matrix symmetry. Using [A]~}[B]~ = ([B][4]) !
leads to

(saltPa) ™ 1 = (vl e (a9
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Also
(aastpaw) = v (P 7 (AS)

g
But [N,] is diagonal and the product [My][Ps] = ([M”] [’PE]) . Therefore

NAMIPN = (MR (A7)
and
(wasaeamd)” = (voepa) (A9)
Now |
Yl = (i) o (A9)
= (s 5 (A.10)
= [Yel” (A.11)

and the symmetry of [Y;,] is shown.
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iz = (\J12—i2, (C.3)
U

Ty = —o (C.4)
tzoWo

My = o (C.5)
oo

where w, is the supply angular frequency.
Now energise the transformer secondary with the primary open-circuit. Measure the

secondary voltage v, secondary current iy, secondary power Wy, and primary voltage
v1. Calculate Log, Mig using

. W

tra = Vg (CG)

ize = A\[iz—12, (C.7)

; U

fon = = (C.8)
tpoWo

Mg = —2 (C.9)
tgoWo

Check that Mys = My, and if they agree calculate the coupling factor using equation
C.1. The primary and secondary winding leakage inductances Ly and L;s are then
calculated with

Ly = (1-k)Ly (C.10)
Lz = (1—Fk)Lx (C.11)

Single-phase UMEC leakage path permeances P4 and Ps are obtained from

-~ _ Lu
Ly

where N1 and Np are the primary and secondary winding turns number respectively.

If only the total transformer leakage reactance is given, for example X;=0.10p.u.,
and the above tests can not be performed, then the modeller must approximate. One
approximation is to halve the given leakage inductance between the transformer pri-
mary and secondary windings, and then apply equations C.12 and C.13.



Appendix D

TRANSFORMER RELUCTANCE/PERMEANCE
PATHS

D.1 PRIMARY OPEN-CIRCUIT RELUCTANCE

Ifa single-phase transformer primary winding is energised and the secondary is open-
circuit, the effective flux path reluctance R:2™™ is derived from the magnetic equivalent
circuit of figure 4.3(a).

REV™ = R} +RY//(RS+R3//RE) (D.1)

C ORI R (RS 4 =R (D.2)
RIRE(RS + RE) + RIRIRE |

- R& 4’v3 2 5 [ Cloo' Rt D'B

1T RIRS + R + KRS + RE) + Ry R (D:5)

(RIRL + RIR; + R3R1) (RS + RE) + (R] + RI)RIRS (D.4)

(R + RD(R; + R5) + R3Rs

D.2 SECONDARY OPEN-CIRCUIT RELUCTANCE

Similarly, if the transformer secondary winding is energised and the primary is open-
circuit the effective flux path reluctance R};2°¢ is derived from

Roc® = R3+Rg/[/(R3+Ri/[RY) (D.5)
_ * * + RIRZ

RER3(RT + Ri) + RERIRE
RE(RT + RE) + RE(RY + RE) + RIR}
(RERE + R3R3 + RERE) (R + RY) + (R} + RIRIRE
(R3 + RE)(RT + RE) + RIRG

Il

(D.8)
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D.3 PRIMARY SHORT-CIRCUIT RELUCTANCE

If a single-phase transformer primary is energised and the secondary winding shorted,
the effective flux path reluctance R2™™ is derived from the magnetic equivalent circuit
of figure 4.3(b).

RIEFm = RY+RE(RE+RE) (D.9)
RE(RE +R2)

RE¥ 4 4V T TS/ D.10

TRy + Ry + RS o)

_ RIURE+RI+RE) + RYRE+R3) (D1)
RE+RE+RE ’

D.4 SECONDARY SHORT-CIRCUIT RELUCTANCE

If the transformer secondary winding is energised and the primary is shorted, the
effective flux path reluctance R;2°¢ is derived from

R = R +R/(Rs + R 012
R3(R + R3)
R* (i) 3 4 D.
2 R+ Ry + R (D-13)
| R3(R3+Ry+RE) + RE(RS +R3) —
R+ Rj + R :

D.5 MUTUAL INDUCTANCE PATH PERMEANCE

The equivalent open-circuit reluctance network of figure 4.3(a) is redrawn as the equiv-
alent permeance network shown in figure D.1(a), where

$ba = N3Py ' (D.15)
Pr = Pi+7P; (D.16)
Pt o= P (D.17)
P = P (D.18)
P; = Pi (D.19)

The permeance network of figure D.1(a) can be simplified to the reluctance network of
figure D.1(b), where

Ny Py

fa P +P;

(D.20)
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n
1
(1)
¢C> ‘P[tl PH a|j ¢,
(@)

@,(0)

o1

?(1)
DA O L
: (o) (d)

Figure D.1 Mutual inductance equivalent circuits.

1 1
RE gk 21
« T Prrm P (D21)
1
R = — J
- (D.22)
1
R = — D.23
D= (0.23)

The reluctance network can be converted back to the permeance form of figure D.1(¢),
where

Nyiy Py P3(Py + Py)

D.24
D= P PHPL PP (D-24)
P‘(P‘+P*)
* * 3 1 4
Pe = Bt pripremg )
Pt o= P (D.26)

Finally the permeance network of figure D.1(c) can be placed in the thevenin form of
figure D.1(d), where

Nyiy P} P}
g, = i
T P3(Pr+PH+PU(P+ P+ P]) A1)
P3(P3 (Pt +Pi) +P5(P; +Pi +Py) '
Solving for ¢.(t) in figure D.1(d) gives
bult) = Nyiy Py P3P} (D20}

PI(Pi + P+ P5) + Py(P} + Pl +Pa(Ps + Pr + Py)
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Now ¢.(t) = ¢2(t) and

_ da (1)
= Ny T (D.30)
NNy P} P3P3 diy
Ps(P3 + Pt +Pf)+Ps(Pr +P;)+Ps(Ps +Pf +P3) di

(D.31)
Which gives the mutual inductance

My = NyNoP}, (D.32)

where
PP Ps

P = BT T P+ P T PP )

(D.33)

If the equivalent open-circuit reluctance network of figure 4.3(a) is drawn with the
primary winding open-circuit and the secondary winding energised P{, can be derived.
In this case

$a = Nai2P; (D.34)
Pr = Ps+Pi (D.35)
Py = P; (D.36)
P = P} (D.37)
P; = P} (D.38)

If the permeance network of figure D.1(a) is again simplified to the reluctance network
of figure D.1(b)

NiigP3
b, = Pr+ P (D.39)
R = oot (D.40)
© T P3+P; P '
1
= = 41
Ry Pr (D.41)
1
R = — D.42
The permeance network of figure D.1(¢) becomes
Nyi2 P3P (P3 +P5)
D.43
N R ) )
b * ‘P*
Pr o= 'pz+m (D.44)

P+ Ps+ P
P} = P} (D.45)
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The figure D.1(d) thevenin form becomes

0 NyigP3Ps
© T PP P+ PI(PE + P54 P5)
Ry = (PLPI)PS+Pi+PE) + Pi(Pf + PY)

Pi(P3(P; +Pg) + Pi(Ps + P; + P5))
Solving for ¢.(t) now gives

Noiy Py P3P;

lt) = rr T Py T PR T PP + PE) § PL(P T B T D)

Now ¢c(t) = ¢1(t) and

t
NiNoyPTPsPy dig

PIPi+ P +P)+Pi(Pr+P)+Pi(Ps+ P+ P) dt

Which gives the mutual inductance

My = N1N2 Py,

where PrPsP]
T TP+ Py + ) + PP + )

129

(D.46)

(D.47)

(D.48)

(D.49)

(DD.50)

(D.51)

(D.52)



Appendix E

PER-UNIT ¢-1 AND B-H SATURATION
REPRESENTATION

Although only a single B-H saturation characteristic is required to represent a trans-
former core, individual per-unit winding-limb and yoke saturation characteristics are
applied in this thesis. The relationships shown in figure E.1: F(By), between per-unit
branch flux ¢} and branch flux density By, and G(Hy), between per-unit branch mmf

i7" and branch magnetising force Hy, are described in this appendix.

“T‘ By

G =Flay)

iP =G(H,)

P
1%

Figure E.1 Saturation characteristic conventions.

For each branch k of the magnetic equivalent circuit

¢r = BrAy (E.1)

where: ¢y is the branch flux, By, is the branch flux density of branch k, and Ay is the
branch cross-sectional area. Now the transformer core flux base is defined as

V2Vip

qbb = Nl l'-l.]o (b . 2)
V2Va
o, (E.3)

where: V), is the primary side base voltage, V5; is the secondary side base voltage, N
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is the primary winding turns number, Vs is the secondary winding turns number, and
w, is the rated angular frequency. Per-unit flux is written

¢ = F(Bx) (E4)
= i:;f (E.5)
2 A\")};&:"Bk (E.6)
= A;%V;:°Bk (E7)
Also, for branch k
O = Hily (E.8)

where: 6y is the branch mmf, 1}, is the branch magnetising force, and [}, is the branch
length. Now the tranformer branch mmf base is defined as

6, = V2NIy, (E.9)
= V2Nl (E.10)

where: [y is the primary side base current, and I, is the secondary side base current.
Per-unit mmf is written

" = o (B.11)
= G(Hy) (E.12)
. %‘5 (E.13)
- VT.::TI;H’C (E.14)
- ﬁ;V—ZI%Hk (E.15)

The transformer winding-limb length and cross-sectional area dimensions will not
usually equal those of yoke. Dissimilar length [}, and cross-sectional area Aj; dimensions
produce dissimilar per-unit winding-limb and yoke ¢}~ saturation characteristics,
from the one core steel B — H curve.



Appendix F

LABORATORY AND SIMULATION PARAMETERS

Sine-wave generator

Rating 3.0 kVA
Voltage 230V
Frequency 50 Hz
Lsouree 115 mH
Rsource 0.3 Q

Test transformer data
Type Single-phase
Rating 2.0 kVA
Primary voltage 210 V
Secondary voltage 210V
Xi 0.3362 p.u.
Rprim 0.5 0
Rsee 0.5 Q

UMEC test transformer model parameters
Winding-limb length 0.0580 m
Winding-limb area 0.0049 m?
Yoke length 0.2960 m
Yoke area 0.0049 m?
Primary winding turns number 250 Turns
Secondary winding turns number 250 Turns
Ly 11.8 mH
Lz 11.8 mH
1 0.124
Mo 6.3e-4
by 0.0
by 0.77

£ 1.85
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PSCAD-EMTDC test transformer model parameters

Rating

Frequency

Xy,

No-load losses

Ideal transformer?

Tap changer winding?

Primary winding voltage
Primary side magnetising current
Secondary winding voltage
Secondary side magnetising current
Saturation enabled?

Saturation placement

Air core reactance

In-rush decay time constant
Knee voltage

Time to release flux clipping

Series resonant load

Rioad 0.364
Lioad 40 mH
Cload 10 puF

2.0 kVA
50 Hz
0.3362 p.u.
0.0 p.u.
Yes
None
210 V
1.66%
210 V
1.66%
Yes
Primary
6.27 p.u,
le-3 secs
1.0 p.u. -

0.0 secs
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my 0.0145
msg 1.59%e-5
b 0.0

ba 1.72

& 1.90

The winding turns have been estimated assuming a peak operating flux density of 1.4T
at rated voltage and frequency.

PSCAD-EMTDC per-phase interconnecting transformer model parameters

Rating

Frequency

X

No-load losses

Ideal transformer?

Tap changer winding?

Primary winding voltage
Primary side magnetising current
Secondary winding voltage
Secondary side magnetising current
Saturation enabled?

Saturation placement

Air core reactance

In-rush decay time constant
Knee voltage

Time to release flux clipping

33kV Filters (Series RLC)

66.67 MVA
50 Hz
0.0392 p.u.
0.0 p.u.
Yes

None

16 kV
1.0%
19.0526 kV
1.0%

Yes
Primary
0.6667 p.u.
1.0 secs
1.25 p.u.

0.0 secs

Harmonic number
5 7 9 | 11 13
Ryitter (S2) 0.412 | 0.454 | 0.560 | 0.249 | 0.305
Lyier (mH) | 13.1 | 10.3 10.0 | 3.60 | 3.75
Citter (#F) | 309 [ 200 | 12.1 | 23.2 | 16.1
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MANAPOURI TRANSFORMER TECHNICAL
DOCUMENTATION

Delta-star Dyl1, connection matrix

1 0 0 0 -1 07
0 1 0 0 0 0
-1 0 1 0 0 0
=0 0 0 1 0 0 (H.1)
0 0 -1 0 1 0
0 0 0 0 0 1
L0 -1 0 -1 0 -1]
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. "NO-LOAD RATIO TEST

Tap- Caleulated tr. Measored t.r.
e | v | Bv oo ) ® Voo C S—— k /3
........................................... Agh | B | o
......................... 850 bgfg, %%
1 .12 1158 16,75 9,68 | = -
2 |225,5| " 16,35 1 9,45 | = -
3020 0 15,95 J3215p = 1. =
A o =4 S S | 1995 (. Stiz| = .
2 B 19905 e ol | 8152) = | 7.
NMO-LOAD TEST
Feedlog from I"v..'... kY 13!% ................ ~Frequency, .- 90 Ie.
Ve, |Ymax 1,110 1, 1, Iy w, w, W,
kVeas (kVmzl, 1] 1 kW oy

160 |2 160 (x 5 [x.9.. [x..2 |x490 | =400 |x400

2,32 | 1,95 | 83,6 | 10,6 9,9 | 12,18] 12,24[11,73 | 65,64| . .

1,8 180,2 13,6 |3 12,56 | 10,1 4,2 B6,5 | 12,77} 12,8415,26% 76,32

83,6 183,9 |4,67 |3,95 | 3,38 | 120,7|-4,9 [107,3 | 13,38] 13,4320  |8y,24
x10 x10 | x10 xB00 | xB00 xB00

81,9..187,6. 13,18, | 2,69..1.2,34 | .73....|-Y,6 Y. | 14,07| 14,02|27,36 [i04,52

2022.179,4 13594 13,38 |3 LBB 13,1 N1R.6. | 14,48) 14,47) 34,4 123,12
LX20 a0 | xa0 gxibo0. ) xieto [x1e00y ..

95,6 | 94,52,95 |2,6 | 2,39 | 54,3 |-9,9 |50,9 | 15,3 |15,12 |52,93 | 152,42

See attached Biegrad 13,8 (13,8 |24,2 p6,7 | . |

Un, Tip. Corrls » Wed. 1684 - 0.60 - 000
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Temt tnhmpnr-mro e 23!5“:

Tapchanger v I P Reference lemp:r-|urn_““_"._'l?_5_m, T
porition v n 0w) RI Jomen [ S'eY fond lTn':::ll con
W) aw) aw) e fe
3 20,16 224,1 233,4
....................... 19,35 215:2 215,45
.............. 18'80 20’!3 203’75 RO SR
et fzte | 3538 | s3] 81 | 382,130 0,000
Rao §|= —22 12 %100 = 11,27 %
] R e T el R o
22,23 ... 225,25 ]....252, 15 ...
21,71, )...220,5 | 242,6 S— E—
S . . . 1] 213,91 228,45 SR, R 1 _.._
L2385 | 262 342,5 |285,311 | 84,5 |369,811 | 0,0315
pack ¢ 0D 100 e vyigfe |
5 18,48....|..224,3. .| .225,6
..... 17,98, ]..218,75 [ 213,55 | ...
......................... 11,41, 1...211,3 200085 e i e e e B e
......................... 23,87 |20 | 376,5.. [ .304,200( 99,8 |404 _  [0,0337
Esc % :‘2’87 00 = 1142% |
..................... 209 -
HIGH-VOLTAGE TESTS (oll temperoture.. 2413 °C)
gn
nduced woltage trat: w}?j I | (o 160 _____________ _time cnc.‘_‘___A_Q__“_
Applied voliage teat: (Il = mmHg = = °C)
e e [ ] o[ ronw v | Ve |
H.V. - 34 85 60
) V.T. 40004/100 V
LY. B - — 8 95 &0
— - ARG EIE
(*)'I'ha H.V. terminelas raised hy induced voltage to 395 kV for 40" at 160
GePeBs With neutral terminal earthed (B.S. 171 =~ Clause 1810).










Transformer Serial No. 60372

TEST

PERFORMNANCE

( Referred to Exhibit G of the contract)

Ref .,

G1.1
(a) Resistanoces (75°C)

on medium tap.
High tension winding ohms per phase
Low tension winding ohms per phase

(v) Impedance

Transformer impedance percent,
on medium tap.

Zero sequence impedance percent

(o) Transformer reactance voltage percent,

on medium tap.

(d) Exciting current (13,8 V)

Ga1e2 =
(=) No load losses at rated voliage

(v) Load losses )

" L at 115 % rated kVA

" 300 % " "

" " " 75 % " "
o

" -" " 50 @ L1 L1

" n

(o) Regulation on medium tap
Regulation at 100 % rated XVA and,

100 * P.-F-'
Y0 " ",
Bo » "

(d) | Efficiency

Efficlenmy at 100 % power factor
at 115 % rated kVA

et 100 " " "

‘t T5 n n n

nt 50 " " n

Transformer resigtance voltage percent

143

[savigliana)
Unit Measured Cuaranteed
% 0,364 0,333
ohm 0,760 0,7y
" 0,00630 0,0064
11,27] 12
" 10,25 11
o 11,26 11,9y
Amps 24,2 20
kW Y8,70 y6
" 506 463
" 382,113 350
“ 215,0 196
" 75 !5 87! 5
% 0,998 1,05
w’ 5,13 6,08
y 1,442 7,90
" Yy, 496 ¥Y9,48
" Y9, 541 99,53
" ¥9,599 99,58
" Yy,626 Y9,60





















Appendix I

BENMORE POLE 1A PARAMETERS

I.1 UMEC SINGLE-PHASE VALIDATION DATA

chapter 5
enerators G1-G3 dat
Rating  112.5 MVA
Voltage 16.0 kV
Td 1.168 p.u.
T 0.264 p.u
Tl 0.174 p.u.
Tq 0.672 p.u.
2 0.19 p.u.
1%, 8.7 secs
T 0.087 secs
st 0.132 secs
X 0.15 p.u.
R, 0.0042 p.u.
Converter transformer data
Type Three-phase banks; Delta-Star, and Delta-Delta
Rating 187.5 MVA

Primary voltage

Secondary voltage

Xi(prim—t-er)

16 kV
110 kV
0.113 p.u. (62.5 MVA base)

PSCAD-EMTDC generator model parameters

Inerfia constant

3.42 MW/MVA

Base angular frequency 314.15926 rad/sec

Mechanical damping
Rated rms phase voltage 9.238 kV
Rated rms phase current 4.0595 kA

le-4 p.u.






1.1 UMEC SINGLE-PHASE VALIDATION DATA

UMEC per-phase converter transformer model parameters

Winding limub length
Winding limb area
Yoke length

Yoke area

Primary winding turns number (Delta-Star and Delta-Delta)

Secondary winding turns number (Delta-Star)

Secondary winding turns number (Delta-Delta)

Ly (Delta-Star and Delta-Delta)
Ly (Delta-Star)
Ly, (Delta-Delta)
my
™My
by
bz
&
PSCAD-EMTDC converter model parameters
Rated frequency
Thyristor configuration variable (Delta-star)

Thyristor configuration variable (Delta-Delta)
Firing pulses

PLO proportional gain

PLO integral gain

PLO input reference varaible
Snubber resistance

Snubber capacitance
Thyristor on resistance
Thyristor off resistance
Forward voltage drop
Forward break-over voltage

Minimum extinction time

50 Hz

0

-1

PLO
10.0
100.0

0

2400 ©
0.29 uF
0.01 Q2
1.0e6 Q
0.001 kV
1.0e5 kV
0.0 psecs

3.59 m
0.4536 m?
2.656 m
0.4536 m?
113 Turns
450 Turns
780 Turns
0.768 mH
11.8 mH
35.6 mH
0.021
3.0e-5

0.0

1.63

1.90

1

3
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PSCAD-EMTDC fault parameters

Fault on resistance 30 Q2
Fault off resistance 1.0e6 2
Is phase A in fault? Yes

Is phase B in fault? No

Is phase C in fault? No

Is fault to ground? Yes
Clear possible if current flowing No
Time to apply fault 1.00 secs
Duration of fault 0.08 secs
Repeat No

1.2.2 Star-primary, 16kV fault

UMEC three-limb three-phase converter transformer Yy0

All parameters the same as Dd0 except:

Primary winding turns number 65 Turns
Secondary winding turns number 450 Turns
Connection matrix
(1 0 0 0 0 07
0 1. 0 0 0 O
0 0 1 0 0 0
Cl=10 0 0 1 0 O (L.3)
o 0 0 0 1 0
o 0 0 0 0 1
|0 -1 0 -1 0 -1
UMEC three-limb three-phase converter transformer Yd11
All parameters the same as Dyll except:
Primary winding turns number 65 Tuarns
Secondary winding turns number 780 Turns
Connection matrix
10 0 0 0 07
0O 1 0 -1 0 0
o 0 1 0 0 0
G1=10 0 0 1 0 < (14)
0O 0 0 0 1 0
0 -1 0 0 0 1.

PSCAD-EMTDC circuit-breaker, bypass valve and fault paramters for the 16kV fault
are identical to the 110kV fault except the fault resistance is changed 0.1 €2.



Appendix J

SMOOTHING TRANSFORMER TEST SYSTEM
PARAMETERS

PSCAD-EMTDC three-phase source model parameters

Type resistive
External voltage control? No
External frequency control? No
Initial phase 0.0 deg
Impedance 1.0 Q2
Voltage magnitude (ac, L-L, rms) 0.707 kV
Ramp up time 0.2 sec
Frequency 50 Hz
PSCAD-EMTDC converter model parameters
Rated frequency 50 Hz
Thyristor configuration variable 0
Firing pulses PLO
PLO proportional gain 10.0
PLO integral gain 100.0
PLO input reference varaible 0
Snubber resistance 5000 ©2
Snubber capacitance 0.05 pF
Thyristor on resistance 0.01 ©
Thyristor off resistance 1.0e6 Q2
Forward voltage drop 0.001 kV
Forward break-over voltage 1.0e5 kV

Minimum extinction time 0.0 psecs
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UMEC smoothing transformer model parameters

(a) Linear model.

Branch M (linear)
Winding limb | 292.38
Yoke 292.38
leak-path 4.17e-2

Table J.1 Per-unit smoothing transformer iron-core characteristics.

Base frequency 50 Hz
Dc blocking capacitor 10 mF
(a) Non-linear model.

Branch M (linear) | T2(sat) bl bZ £
Winding limb 292.38 0.67 0.0 ] 1.03 | 0.85
Yoke 292.38 1.67 001 1.03| 0.0
leak-path 4.17e-2

Table J.2 Per-unit smoothing transformer iron-core saturation characteristics.

Base frequency 50 Hz
Dec blocking capacitor 10 mF
Dec load parameters

Linear smoothing transformer I, 0.62 p.u.
Non-linear smoothing transformer (a=15°) Iy, 0.75 p.u.
Non-linear smoothing transformer (a=60?) I, 0.18 p.u.



Appendix K

CONVERTER TRANSFORMER MODEL
PARAMETERS AND DC LINE DATA

PSCAD-EMTDC delta-star converter transformer model parameters

Transformer name Delta-Star
Three-phase transformer MVA 187.5 MVA
Base operation frequency 50 Hz
Winding #1 Type Delta
Winding #2 Type Star

Delta leads of lags star? Lags
Positive sequence leakage reactance 0.113 p.u.
Ideal transformer model ? No
No-load losses 0.0 p.u.
Tap-changer winding #2
Winding 1 line to line voltage 16 kV
Magnetising current 1.0 %
Winding 2 line to line voltage 110 kV
Magnetising current 1.0 %

Saturation enabled? No
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