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The Energy Transition’s Impact on the Accumulated
Average Efficiency of Large Hydrogenerators

Yannick Cyiza Karekezi

and Jonas Kristiansen Ngland

Abstract—The energy transition is aimed to take advantage of
the operational flexibility of hydropower to extend the integration
of intermittent renewable sources. Consequently, the hydrogener-
ators will have to operate in regimes far away from their designed
best-point operation. In order to accurately assess the impact, this
paper presents a useful approach to determine the overall operating
efficiency of synchronous generators under intermittent operation.
An accumulated average efficiency (AAE) model is proposed and
compared against an alternative approach; the weighted average
efficiency (WAE) model. It is found that the WAE approach pro-
duces unrealistic low efficiencies when the generator operates in
synchronous condenser mode (SCM) for long periods. In general,
the AAE supersedes the WAE for all the different load distributions
that were investigated. This was further illustrated by a worked
example and by constructing more complex load distributions. A
load distribution dominated by SCM yields a difference as high
as 33.18 %, while an even distribution deviates 1.43 % in their
respective efficiencies. Finally, a yearly on-site measurement of
our studied 103 M['VA generator’s concentrated load distribution
revealed a discrepancy of 0.67 %, which is a significant deviation
considering what the operating regime would mean in terms of
economic implications.

Index Terms—Synchronous machines, saturation modeling,
efficiency modeling, loss measurement.

NOMENCLATURE
At;  Discrete time interval for a load point, [h] or [s]
0 Rotor loading angle, [rad] or [°]

n Generator’s operation point efficiency, [pu] or [%]
Na Accumulated average efficiency (AAE), [pu] or [%]
Nn Generator’s nominal efficiency, [pu] or [%]

Nw Weighted average efficiency (WAE), [pu] or [%]

&y Total fictive induced generator voltage, [pu] or [V]
Ep Induced voltage behind potier reactance, [pu] or [V']
P Mean power, [pu] or [kW]

Pi,ss Mean power loss, [pu] or [kW]

Manuscript received 19 October 2021; accepted 7 March 2022. Date of
publication 11 March 2022; date of current version 22 August 2022. This work
was supported by the Research Council of Norway (RCN) under Grant 326673
(SysOpt Project). Paper no. TEC-01139-2021. (Corresponding author: Yannick
Cyiza Karekezi.)

Yannick Cyiza Karekezi and Jonas Kristiansen Ngland are with the Norwegian
University of Science and Technology (NTNU), 7491 Trondheim, Norway, and
also with the University of South-Eastern Norway (USN), 3918 Porsgrunn,
Norway (e-mail: yannick.c.karekezi @ntnu.no; jonas.k.noland @ntnu.no).

Thomas @yvang is with the University of South-Eastern Norway (USN), 3918
Porsgrunn, Norway (e-mail: thomas.oyvang @usn.no).

Color versions of one or more figures in this article are available at
https://doi.org/10.1109/TEC.2022.3158566.

Digital Object Identifier 10.1109/TEC.2022.3158566

, Student Member, IEEE, Thomas @yvang

, Member, IEEE,
, Member, IEEE

0 Angle behind the potier reactance, [rad] or [°]

%) Power factor angle, [rad] or [°]

A; Weighting factor for an operation point, [pu] or [%]

by Slope constant of the generator’s air gap line curve

C,,  Saturation constant for the generator’s saturation curve

E Generator’s accumulated energy production, [GW h]

Ej,ss Generator’s accumulated energy losses, [GW h]

1, Stator armature current, [pu] or [A]

Iy Rotor field current, [pu] or [A]

k Slope constant for approximating the generator’ satu-
ration curve in the air gap line region

m Saturation curve’s exponential constant

P Generator’s active power, [pu] or [M W]

P, Stator armature winding resistive loss, [pu] or [EW]

Py Bearing loss, [pu] or [EW]

Py, Rotor brush loss, [pu] or [KWW]

P, Stator armature iron core loss, [pu] or [kW]

P, Excitation system loss, [pu] or [EW]

Py Rotor field winding resistive loss, [pu] or [EW]
P,,ss Generator’s total losses, [pu] or [kW]

P, Stator stray load loss, [pu] or [kW]

P,y  Windage and friction loss, [pu] or [EW]

Q Generator’s reactive power, [pu] or [M'V Ar]
R, Stator armature resistance, [pu] or [€2]

S Generator’s apparent power, [pu] or [MV A]
U, Stator armature terminal voltage, [pu] or [V]
X4 Direct axis synchronous reactance, [pu] or [2]
X, Potier reactance, [pu] or [€2]

<

q Quadrature axis synchronous reactance, [pu] or [€2]

1. INTRODUCTION

VER the last decade, the load cycling intervals of large hy-
dropower plants have changed fundamentally from rated
conditions to a diverse set of operating points. As a result of a
significant integration of intermittent renewable energy sources
(RES) to the grid, the classical generators have responded more
often to dispatch the fluctuations in both voltage and power
[1]-[3]. These operating regimes bring new economic costs
into consideration, as the efficiency now becomes a significant
differentiator. By convention, the nominal efficiency is usually
taken for granted.
This paper’s primary focus is how the energy transition affects
the hydrogenerator units in terms of a more flexible operational
regime. Future operating regimes imply frequent step changes
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in active and reactive power production, and several start-stop
cycles during the day and week [4]-[7], depending on the
RES’s weather pattern. It also implies running the generators
in synchronous condenser mode (SCM), providing intermittent
power reserves, buffers, and rotating inertia. Currently, there are
few concrete plans from the US and European governments to
reconstruct the present grid topology to adapt for a full-scale
energy transition. In essence, it implies that the bulk power
plants must handle the increasing volatility of the power grid
when alternative large-scale energy storage solutions are not
readily available. It is, therefore, a desire to design robust
hydrogenerators for the future, taking their operational burden
and the potential load fluctuations into account. Most of the
generators today are not designed for these kinds of operational
regimes as they are conventionally specified for a constant
duty mode, and a nominal operating point [8]. Historically, the
synchronous machine has operated in load points limited and
concentrated around a relatively small region of the capability
diagram. The reactive power has been varying slightly around a
unity power factor, with reactive power generation dominating.
In the future, this concentrated distribution is projected to be
transformed into a more evenly distributed distribution pushing
closer to the boundaries of the capability diagram. This effect
is highlighted in [5]-[7], depicting changes as a result of the
German “Energiwende.” In addition, the capability diagram’s
maximum reactive limits might be extended further for extra
reactive power reserves during shorter periods to provide en-
hanced grid voltage security [9]. Moreover, in periods of excess
water, extra frequency support can be provided at peak hours if
allowing an overloaded active power capability [10].

The ever-increasing introduction of RES results is intensified
when hydropower is connected to larger geographical regions
[11]. The increasing prevalence of these kinds of operational
regimes requests the need for calculation models that can ac-
curately quantify the overall impact for hydrogenerators [7], in
addition to the operational burden at the turbine-side as well
[12], [13]. The calculation model weighted average efficiency
(WAE) offers a viable solution to quantify the RES’ impact
on hydro generators [1]-[3]. The computational scheme is a
sampling average approximation approach to obtain the overall
operating efficiency of generators varying over different loading
conditions during a finite time period. However, the WAE has
one primary weakness; it weights the efficiency for one loading
point at a time and not the accumulation of the loading points.
This means that if the generator is operated purely as a syn-
chronous condenser (i.e., P = 0 pu) for a long time, one can get
a large dataset of samples of zero efficiencies in the summation
of average efficiencies. This reduces the WAE considerably.

This paper presents the concept of accumulated average ef-
ficiency (AAE) as a new and useful method to compute the
mean efficiency of synchronous generators when they frequently
vary their operating conditions. An illustration of the concept
is depicted in Fig. 1, but further described in Section III. The
method is compatible with both exact load points or load-grid
distributions clustered in discrete points, as depicted in Fig. 2.
The proposed AAE approach will be compared against the
already established WAE [1]-[3].
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Fig. 1. Generic load cycling sequence for accumulation of the generator’s

energy loss (Ej,ss) and energy generation () over time formulated by discrete
time intervals. Ej, 45 is equal to the sum of all red areas, while E is the sum of

all blue areas. The mean power 10ss (Pjoss = Fjoss /T and the mean power
generation (P = E/T) are also indicated.
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Fig. 2. Example of 110 blue uniformly distributed load points inside the

capability diagram for the 103 MVA hydrogenerator considered in this paper.
Red points are outside of the capability diagram.

In order to accurately predict the needed field current during
different load operations, a different saturation modeling ap-
proach is utilized, taken as an alternative to what has already
been proposed by Bortoni et al. for efficiency modeling [1]. Our
calculations, simulations, and post-processing of measurements
are all conducted in the MATLAB numerical environment. In
order to confirm the predictions made by the efficiency model,
on-site efficiency recordings were done at different load opera-
tions to ensure that the model could predict the efficiency for the
major portions of the capability diagram. This enabled us also to
make artificial load distributions to predict the implications of
the energy transition’s rapid increase in RES. The peculiar case
of SCM-dominated operation was considered as the worst case.
Moreover, real-world production data covering a whole year for



KAREKEZI et al.: ENERGY TRANSITION’S IMPACT ON THE ACCUMULATED AVERAGE EFFICIENCY OF LARGE HYDROGENERATORS

the considered hydrogenerator was post-processed to analyze
the implications of the present-day load operations.

The paper is organized as follows. Section II reviews the
power loss modeling and formulates the segregation of loss to
be compatible with the proposed AAE. Then, in Sections III and
IV, the proposed efficiency and saturation modeling approaches
are described. Finally, Section V presents the main results from
our handpicked case studies before Section VI concludes our
findings.

II. POWER LOSS MODELING

This section briefly presents the loss modeling employed
in this paper. For clarity, the nomenclature describes all the
variables from the paper’s beginning. The segregation of the loss
components is needed for the efficiency modeling formulation
but is independent of the chosen approach. Its general formu-
lation has already been well described in [1]. Differently from
the work of Bortoni ef al. [1] is the explicit expression of the
total losses (Pj,ss) to make the formulation compatible with our
proposed AAE approach. Moreover, this paper also expresses a
compressed formulation of the loss modeling in (2)—(5), merging
the armature and strayload losses [14], and bringing the field
winding and brush losses together. Moreover, the exciter loss
is considered as directly proportional to the field current [15].
As usual, the bearing, windage, and friction losses appear as
constant loss components. In addition, the iron core loss [16] is
assumed as a constant since the armature voltage (U,) is kept
close to 1 pu, even though the flux angle can have a minor effect.
The grid voltage is constrained to be between 0.95 and 1.05 pu
in many grid codes [17], [18], implying that P, will vary -9.75 %
to +10.25 % from its base value. Hereafter, P, is considered as a
constant value, assuming U, = 1 pu. This also implies that the
per-unit armature current can be approximated as

=YL e m

The field current (I ;) prediction is less straightforward and is
separately described in Section I'V.

The rated quantities of the active power losses are tagged
with “*”. Moreover, “*” is also used to indicate the nominal
values of the armature current (/) and the field current (I;Z),
respectively. The load-dependent equations and assumptions for
the iron core and excitation losses are not explicitly included in
this manuscript but details can be found in [1].

I 2
Py + Py = (P, + ) <IZ> (2)
2
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f
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(2)—(5) need to be evaluated for an exact load load operation
point, e.g., 0.9 pu active power and 0.436 pu reactive power,
which is the rated load point. In reality, all possible operating
points are continuous. This means that the power does not jump
from one power level to another. Fig. 1 presents the continuous
power as time interval for specific load points. This is taken as an
approximation of the continuous power, where power-ramping
profiles are neglected. The same time intervals can also be
visually represented in a P-Q diagram, where collections of
the measured load points are clustered into discrete load points
with a given probability of occurrence (%) using a 2D
histogram [1]. In Fig. 2, an example of these discrete load points
is defined in a grid structure inside the capability diagram. In a
real case study, each discrete points’ probability is determined
by its proximity to actual measured load points. Therefore one
can determine the probability (%) for the predefined load
points based on the density of the measured load points and
their duration recorded around these clustered points. Moreover,
the red points outside the indicated capability diagram violate
the machine’s capacity limits and are therefore set to zero
probability. A discrete point with high probability reveals that
a large number of measured machine loading intervals occur in
its proximity.

The probability of the occurrence for a particular load-interval
can be understood from Fig. 1, where

A7

A= (©6)

III. EFFICIENCY MODELING

The calculation of the efficiency of several discrete points can
then be used to obtain non-concentric curves that map the studied
machine’s efficiency characteristics at different load operations.
This section takes our adapted power loss modeling on board
to formulate a modeling approach for the overall operating
efficiency. First, the challenges with the alternative WAE are
presented before the proposed AAE is derived. It is worth noting
that the basics of the WAE have already been well explored and
studied in [1].

A. Weighted Average Efficiency (WAE)

The main obstacle with the WAE formulation lies in the
efficiency definition, which has severe consequences for certain
operational regimes such as the synchronous condenser mode
(SCM) of operation. In the WAE formulation, the efficiency
is calculated for every operating point and multiplied with its
corresponding weight, where all weighted efficiencies are finally
summed up to an average efficiency. The WAE can be expressed
in the continuous time frame using (7), which is further explained
in [1]. The WAE in the finite time intervals can be expressed
using (8), where the efficiency of different operating points is
weighted depending on their time duration over a period 7.
Alternatively, including its respective index () for finite time
intervals, the WAE could be formulated with (9).

1 T
TNw = f/o n(t)dta (7)
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From the expressions above, the WAE is seen to be directly
proportional to the efficiency of the weighted load points. Le.,
if one-third of the given dataset’s efficiency is zero (e.g., under
SCM operation), then the WAE gets reduced by é Consequently,
it also means that the WAE can not be higher than 66 % when
the generator operates % of its running time as a synchronous
condenser. This can be illustrated by inserting (10) as an element
into (8).

Pscm O

Pscm + Pscm,loss 0+ Pscm,loss

Nsem = (10)
(10) clearly shows that there is an unclear representation of
the inefficiency as the losses are not accounted for when the
generator runs in SCM of operation. If one imagines that the
(10) occurs % of the time during its yearly operation, it would
mean that one has not accurately quantified the actual machine
losses during % of the generators’ operating time.

Let us consider a simple example where the generator operates
in two distinct operating points over a full period, where the
generator operates at rated conditions % of its time, At (i.e.,

At — 2 with efficiency 7,,, and as a synchronous condenser

T — 3
during % of its operating time, T — At (i.e., 1 — & = %).
Insertion of these conditions into (7) yields that the WAE is

expressed as

1 2
w == |10 At +0eem (T =AY | = (2 ) 0., (1
e = |0 .2,+77 ( ) (3)n (1)
=T =0

yielding a WAE two-thirds of the nominal efficiency.

B. Accumulated Average Efficiency (AAE)

The proposed AAE follows an entirely different calculation
procedure, as illustrated in Fig. 1. The total accumulated en-
ergy generation (F) and energy losses (F},ss) are the basis for
the AAE, as expressed in (12). This approach merely takes the
accumulated £ and E),s, into account, which minimizes the
influence of very low efficiencies under SCM operation.

E [ P(tyat

- - (12)
E+ Eoss [T P(t)dt + [} Pross(t)dt

Na

In the finite time formulation, the AAE first starts by computing
the actual active power losses (Pj,ss,;) for each the discrete
time interval (At;) given by index 7 for a given load point
P;. Then, the sum of all the actual power elements (F; and
Pyyss,;) are multiplied individually by the time duration (At;) to
obtain average values or expected values in terms of accumulated
energy (E and Ej,ss), as formulated in (13) and (14), where the
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total time (7') is given in (15).
n
Eloss = Z Ploss,iAti

= Ploss,lAtl + Boss,2At2 + -+ F)loss,nAtn (13)
E =Y PiAt; = PiAt + PyAty + -+ + P, Aty (14)

7

T =Y At = Aty + Aty + - Aty (15)
In order to convert the expressions into weighted sums, (13) and
(14) are modified into the mean power generation (F) and the
mean power loss (P;,ss) in (16) and (17), respectively.

P=2 =3 PA =P+ Pds - PyA, (16)

Floss = Elj(:ss = zn:-Ploss,iAi

= Ploss,lAl + Ploss,2A2 + ]Dloss,nAn (17)

The normalization ensures that the sum of the weights (A4;) is
equal to unity, yielding

1=iAti ZiAz‘ZI‘h-i-Az—i—'“An-

T (18)

The time-based and the weight-based formulations of the AAE
are provided in (19) and (20), respectively.

B E . ZZL Pi At (19)
Nla = E+ Eoss o Z:l P At + Z:Z Ploss,iAti
P " PA;
Ta = 2o DA (20)

- F =+ Ploss Z:l (Pz + Ploss,i)Ai

IV. MAGNETIC SATURATION MODELING

As mentioned above, the generator loading condition impacts
the field current (I ), where loss components apply, as expressed
in (3). Consequently, the machine’s magnetic saturation plays
a role in determining the losses and the efficiency accurately.
In other words, this means that one cannot assume that the
generator’s field current [ ; is directly proportional to the induced
voltage &, as in the linear region.

The open-circuit characteristics (OCC) are given by the man-
ufacturer’s datasheet and are in line with the measurements
presented in Fig. 3, for the particular machine studied in this
paper. A mathematical relation is set up to fit the measured data
points of the saturation curve. The OCC is converted to a per-unit
system, where the field current (/) is scaled by the nominal field
current of the air gap line characteristics. For this particular case,
the 1 ¢0 pase 18 525.15 A. The rated current (/) given in Table II
will then have a normalized value of 2.028 pu, with a physical
value of 1065 A.

A wide range of methods is applicable to express the OCC
in mathematical terms. Our handpicked (22) that fits the data
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Fig.3. Per-unitsaturation curve of the 103 MVA synchronous machine aligned
with measured operating points measured at no-load conditions and rated speed
of 500 rpm. This machine is considered as a case study in Section V. The air gap
line curve and the non-linear staturation characteristics refers to (21) and (22),
respectively (coefficients are given in Table I). The base field current and line
voltage is 525.15 A and 11kV.

TABLE I
COEFFICIENTS USED FOR THE FITTING (21) AND (22) IN FIG. 3

Symbols b, Cm Ey m k
Values 1 0.160 0-1.8 7 1.0308
TABLE II

KEY QUANTITIES OF THE STUDIED HYDROGENERATOR

Symbol  Description Value
Sy Base apparent power 103 MVA

cos (¢)  Power factor 0.90
Nn Measured rated efficiency 98.834 %
U, Nominal armature voltage 11kV
I; Nominal armature current 5406 A
Iy Rated field current 1065 A
f Nominal frequency 50Hz
p Number of poles 12
n Nominal speed 500 rpm

has its coefficients presented in Table 1. Beneficially, only two
values need to be tuned, C,,, and k, that are arbitrary constants.
The function stems from the generator fundamentals presented
by Machowski [19], based on earlier works on saturation. Our
extension is using the proposed constant & in this paper, extend-
ing the classical formulation to make it compatible with the air
gap line linear region, predicted by (21). As a result, (22) needs
no arbitrary saturation threshold as it can approximate the OCC
of the linear region and the saturation region, simultaneously.
Usually, the slope of the air gap line is equal to 1 pu, which is
formulated in (21), if b,, is set to 1 pu.

£
Ipu = 3" @1
I = k(&g + CnEl) (22)

The procedure is as follows. First, the coefficient m is selected
as either 7 or 9. Then, the two other constants, k, and C,,
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Fig. 4. Mapping of the calculated iso-efficiency curves of the capability

diagram of the 103 MVA synchronous machine, and assessed against eight
measured operating points (referring to Table IV). Sy, 4. =1 pu. The left side of
the capability diagram’s boundary has 20 % stability margin from the theoretical
stability limit.
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Fig. 5. Mapping of the calculated power loss contours over the capability

diagram of the 103 MVA synchronous machine in per unit with 103 MVA as
the power base.

are found from a fitting procedure to obtain the red curve in
Fig. 3. An alternative approach is found in Bortoni et al. [1]
that uses a fourth-order polynomial regression of the non-linear
saturation characteristic to provide five polynomial coefficients.
This method has a high accuracy for expressing the saturation
curve but needs more arbitrary valued coefficients and a separate
equation for the air gap line below a certain threshold. This paper
takes a different path, where (22) applies to the whole domain of
the OCC, making it computationally user-friendly, less sensitive
to parameter values and arbitrary thresholds. Based on the Potier
method, obtaining I is formulated differently, as given in (23).

k(& + Cn&y) (23)
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Fig.6. Two-dimensional histograms for the probability of occurrence of differ-

ent intermittent load operations that are artificially made as worst-case scenarios,
i.e., a uniform load distribution (641 elements) and a synchronous condenser
dominated distribution (623 elements), respectively. The theoretical limits go
beyond the changes reported in [1] and [7], to expand on the consequences of
RES, which are further summarized in Table IX).

Both &£, and &, are found from I, in (1) and the power factor
angle given by p = tan 1 (Q/P). &, is the fictive induced volt-
age behind X4 and X, while &, lies behind X, as explained in
[20], [21], and further applied in [1]. However, before obtaining
&y and &, their respective voltage angles, 6 and 6, are often
estimated, if not an all-in-one complex formulation is utilized.
The saturation modeling is further validated under full-load
condition in Section V-A, extending the preliminary no-load
verification of Fig. 3.

V. CASE STUDY AND MAIN RESULTS

This section presents the case study and the main results used
to emphasize the paper’s contributions, which is the impact
the energy transition has on the hydro-generator facilities. In
Table II, the key quantities describing a 103 MVA Norwe-
gian hydro generator is listed. There is also a list of designed
and measured machine characteristics in Table III. Finally, the
determination of losses and the corresponding efficiency was
conducted according to the IEEE 115, 7.2.4 method 4 [20] as
three separate off-grid heat-run tests: (a) open, (b) short circuit,
and (c¢) zero excitation, where some of the results are listed
in Table IV. The same generator facility has been thermally
investigated in an earlier six-hour heat run test (grid-connected)
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%k Accumulated average efficiency (n 2)
X 975 H 4
E
g
& orh 4
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Number of elements (N) «10*
Fig. 7. Weighted average efficiency (7),,) and accumulated average efficiency

(ng) as a function of number of elements for even load distribution over the
capability diagram of the 103 M VA hydrogenerator, referring to Fig. 2.
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Fig. 8. Weighted average efficiency (7),,) and accumulated average efficiency
(ng) as a function of maximum power for even load distribution over the
capability diagram of the 103 MVA synchronous machine. a) Definition of the
maximum power (P, 42 ) With the dark blue area covering the evenly distributed
load points. b) Efficiencies (1, and 7,) plotted in terms of P, 44, converging
toward the values presented in Table VIII as P,,,; approaches 1pu. The
maximum number of elements (N) where 171075.

to identify rated load temperature rises [22]. Alternatively, an
infrared thermal imaging technique could have been employed
[23].
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TABLE III
STUDIED HYDROGENERATOR’S PARAMETER VALUES

Symbol  Description Designed  Measured
R Armature resistance 0.002 pu
Xq Direct axis reactance 1.087 pu 1.059 pu
Xq Quadrature axis reactance  0.676 pu
Xp Potier reactance 0.144 pu 0.141 pu
X Leakage axis reactance 0.080 pu

A. Experimental Validation of Efficiencies and Saturation

Eight on-site measurements verifying the loss model at dif-
ferent operations are documented in Table IV. An iso-efficiency
map of our model was then plotted together with the measured
efficiencies in Fig. 4. The calculated non-concentric curves from
(2)-(5) show a good agreement with the measured operating
points of Table IV, as indicated in Fig. 4. From the outputs, the
power loss contours are also plotted (in Fig. 5). This additional
map is needed to conduct the proposed AAE, which is different
from the alternative WAE. It was found that the most sensitive
loss contribution was the saturation model, which predicts I
and relates to the exciter and rotor related losses. In Table V,
the accuracy of this model was assessed against the measure-
ments, revealing a worst-case deviation of 1.79 %, occurring in
measurement number #5.

B. Worked Example Assessing AAE Against WAE

The method which provided the the post-processed iso-curves
presented in the last subsection will now be used as a basis to
compare the proposed AAE against the alternative WAE in a
worked example. For simplicity, six distinct operating points
are considered throughout a whole year of operation. The hand-
picked load points are given in Table VI, specifying their output
metrics. Finally, the individual load point’s outputs are used to
compare the AAE against the WAE in Table VII. Notice that
this is a simple example to demonstrate the core principles of
the calculation models and not actual yearly production. Le.,
the results presented are used to offer valuable insight into what
differentiates the calculation models. The analytical calculation
presented can also be easily reproduced by hand, which ensures
the integrity of our work. The WEA is given by (8) and calculated
using (24).

N = MAL +12Az +n3Az + 14 A4 +15A5 + 16 As

_9+9 98.509 98.215+99.011
"6 6 6 6 6

98.886

=65.77%
(24)

Moreover, the AAE is given by (19). Herein, the mean power
(P) is inserted to be 0.5 pu from (16) and the mean power loss
(Pjyss) is found to be 0.00887 pu from (17). Using (20), the
AAE efficiency is then found to be

P 0.5

L = 98.256 %.
P+ Pioss 0.5+ 0.00887 @

Na = (25)
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Fig.9. Weighted average efficiency (7,,) and accumulated average efficiency

(ng) as a function of minimum power for even load distribution over the
capability diagram of the 103 M'VA synchronous machine. a) Definition of the
minimum power (P, ;5 ) with the dark blue area covering the evenly distributed
load points. b) Efficiencies (1, and 1) plotted in terms of P, ;5 , converging
toward the values presented in Table VIII as P,,;, approaches Opu. The
maximum number of elements (N) where 171075.

In general, it can be seen that the efficiency difference between
71, and the alternative 7, is 33.18 % for this primitive exam-
ple. The huge deviation is explained by the worked example’s
subsequent long periods operating at P = Opu, i.e., at zero
efficiencies (n =0%). It is far from surprising, as the WAE
is reduced proportionally to the amount of time the generator
operates in SCM, as already predicted by (11). The example
provides preliminary theoretical support for the superiority of
the proposed AAE approach. The same approaches will now be
analyzed with more complex datasets and measured data in the
next subsections.

C. Sensitivity of Even Load Distribution’s Number of Elements

Expanding on the worked example, Fig. 6 shows two more
complex load distributions that are more computationally de-
manding. The first one (a) is the evenly distributed case, and
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TABLE IV
ON-SITE MEASURED QUANTITIES AT EIGHT DISTINCT LOAD POINTS FOR THE 103 MVA MACHINE USED FOR THE EFFICIENCY ANALYSIS IN FIG. 5, WHERE THE

NUMBER, CORRESPONDING LOAD PO

INT AND EFFICIENCY IS HIGHLIGHTED

Output #1 #2 #3 #4 #5 #6 #7 #8
S 1.000 pu 0.750 pu 0.500 pu 0.250 pu 1.000 pu 0.750 pu 0.500 pu 0.250 pu
cos(yp) 0.900 0.900 0.900 0.900 1.000 1.000 1.000 1.000
P 0.900 pu 0.675 pu 0.450 pu 0.225 pu 1.000 pu 0.750 pu 0.500 pu 0.250 pu
Q 0.436 pu 0.327 pu 0.218 pu 0.109 pu 0.000 pu 0.000 pu 0.000 pu 0.000 pu
1, 5406.1 A 4054.6 A 2703.0 A 1351.5 A 5406.1 A 4054.6 A 2703.0 A 1351.5 A
Iy 1065.00 A 936.12 A 816.18 A 711.38 A 873.17TA 776.61 A 698.70 A 646.84 A
Py 173.65 kW 133.66kW  101.61 kW 77.19kW 116.29 kW 91.99 kW 74.48 kW 63.81 kW
Pey 15.88 kW 13.02kW 10.72kW 8.8TkW 11.65kW 9.92kW 8.68 kW 7.92kW
Py, 2.13kW 1.87kW 1.63kW 1.42kW 1.75kW 1.55kW 1.40kW 1.29kW
P, 187.46 kW 105.45 kW 46.86 kW 11.72kW 187.46 kW 105.45 kW 46.86 kW 11.72kW
Ps 89.16 kW 50.15 kW 22.30 kW 5.5TkW 89.16 kW 50.15 kW 22.30kW 5.57TkW
P. 211.92kW 211.92kW  211.92kW  211.92kW 211.92kW 211.92kW  211.92kW  211.92kW
Py 240.90 kW 240.90kW  240.90kW  240.90 kW 240.90 kW 240.90kW  240.90kW  240.90 kW
Pyy 172.92kW 172.92kW  172.92kW  172.92kW 172.92kW 172.92kW  172.92kW  172.92kW
Pioss 1094.02kW  921.89kW  808.85kW  730.51kW  1032.05kW  884.81 kW TT9kW 172.92kW
n 98.834 % 98.680 % 98.250 % 96.944 % 99.008 % 98.868 % 98.509 % 97.294 %
TABLE V
VALIDATION OF THE SATURATION MODEL FOR THE EIGHT DISTINCT LOAD POINTS PRESENTED IN TABLE IV, USING (23)
Output #1 #2 #3 #4 #5 #6 #7 #8
Measured [ ¢ 1065.00A 936.12A  816.18A T711.38A 873.1TA 776.61A 698.7T0 A 646.84 A
Calculated 1, 907.99 A 794.06 A  689.23A 597.70 A 747.18 A 657.57TA 586.96 A 541.21 A
Calculated I 1064.88 A 934.23A 815.01A 711.11 A 857.50A 764.76 A 691.88 A  644.67A
Deviation [ -0.01% -0.20% -0.14% -0.03% -1.79% -1.52% -0.97% -0.34%
TABLE VI
WORKED EXAMPLE OF GENERATOR OPERATING IN SIX DISTINCT LOAD POINTS OVER A YEAR
Output #1 #2 #3 #4 #5 #6 Sum
b 0.0pu 0.0pu 0.5pu 0.5pu 1.0 pu 1.0 pu
Qi 0.0 pu 0.5 pu 0.0 pu 0.5 pu 0.0 pu 0.5 pu
At; 1460 h 1460 h 1460 h 1460 h 1460 h 1460 h 8760 h
A; 1/6 1/6 1/6 1/6 1/6 1/6 1
Pioss,i 0.006 76 pu  0.00827pu  0.00757pu  0.009 089 pu 0.009 99 pu 0.011 537 pu
i 0% 0% 98.509 % 98.215% 99.011 % 98.886 %

E; 0.00 GWh 0.00 GWh 75.19GWh  75.19 GWh 150.38GWh  150.38GWh  451.14 GWh
Elosss 1.017TGWh  1.244GWh 1.138 GWh 1.367 GWh 1.503 GWh 1.735 GWh 8.004 GWh
TABLE VII
FINAL OUTPUTS FROM WORKED EXAMPLE WITH SIX DISTINCT LOAD POINTS OVER A YEAR

E Eloss P Pioss Nw Nw = Nn Na Na — Mn Na — Nw
Value 451.14GWh 8.004GWh 0.50000pu  0.00887pu 65.766% —-33.068% 98.257% -0.577% +32.491%
TABLE VIII
FINAL OUTPUTS FROM EVEN LOAD DISTRIBUTION OVER A WHOLE YEAR WITH 179851 NUMBER OF ELEMENTS (N)
E Eioss P Pross Nw Nw — Mn Ta MNa —Tin MNa — Nw
Value 404.927GWh 7.248GWh  0.44878pu  0.00803pu 95.923% -2.911% 98.242% -0.592% +2.319%

the other one (b) is a case of uniform distribution above 0.02 pu
active power, in addition to being dominated by load operations
mimicking a synchronous condenser operation below 0.02 pu.
In Fig. 6-(b), the generator operates 60.5 % of the time in SCM
mode. The overall results of this study are included in the final
comparison presented in Table IX below.

For simplicity, the load operations in the even regions are
equally distributed throughout the capability diagram. The
evenly distributed case was studied as a function of the number

of elements (V) inside the capability diagram in Fig. 7. As N is
increasing, both the AAE and the WAE are shown to converge
toward asymptotic values that are presented in Table VIII. A
deviation between the AAE and WAE is found to be 1.43 %.
The AAE and WAE behave similarly with very few elements,
but the weighting of the AAE and the WAE begins to diverge
with higher V. This is because more elements will now be placed
closer to the boundary of the synchronous condenser operations,
where the efficiency is steeply approaching zero.
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TABLE IX
AAE AND THE WAE FOR THE DIFFERENT LOAD DISTRIBUTION PRESENTED IN FIGS. 10 AND 6.

Distribution E Eioss P Ploss Nw Na Na ~ Mw N

Concentrated load distribution® (measured) 652.175 GWh ~ 7.715 GWh  0.7354 pu  0.0087 pu  98.17%  98.83% +0.67 % 8610
Uniform load distribution? 412.11 GWh 7.25 GWh 0.457 pu 0.0080 pu  96.84%  98.27% +1.43 % 641
Synchronous condenser-dominated distribution® 16598 GWh 6.82 GWh  0.1840 pu 0.0076 62.87% 96.05% +33.18% 623

1 Elements are not discrete but measured every hour for 8610 h; 2 Operates 8760 h with equal weight for every element (Fig. 6 a); 3 Operates 8760 h with higher probability
of occurance in SCM (Fig. 6 b). The WAE is 62.87 % and not lowered as much as theoretically expected since P is not set exactly to zero during the SCM operation, i.e, P was
0.004895 pu, yielding a mean SCM efficiency (s e ) of 40.5354 % during 60.5 % of its operational time.
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Load distributions for a whole year of the studied hydropower plant (concentrated load dis.). The minimum and maximum reactive power ranges from

-0.08 to 0.2 pu. The minimum and maximum active power are varying from O to 1 pu. The measurements were recorded every hour, starting from 06 January 2020
15:00, ending at 31 December 2020 (i.e., 8610 h in total). The generator were operated 3087 h around the vicinity of the P, . region. Contour lines are added to
indicate the density peaks. a): One-dimensional histogram of number of hours (At). b): Two-dimensional histogram of probability of occurrence in percent (%).

D. Even Distribution With Power Constraints

The characteristics of the AAE and WAE have also been tested
for even distribution with different active power constraints.
First, the maximum active power threshold was ramped from
0 pu to 1 pu, which is illustrated in Fig. 8. At unity maximum
power, the efficiencies are equal to what is reported in Table VIII
and the asymptotic values of Fig. 7. The disparities between
the AAE and the WAE are greatest at active power levels
from 0 to 0.3 pu and highlights that the WAE is an insufficient
model for low power levels, contrary to the AAE. However,
both models have low efficiency as the threshold approaches
ZEero.

In Fig. 9, a minimum active power threshold is ramped
from 0.99 to Opu. In general, WAE is revealed to be a good
model for load operations with a relatively high minimum active
power threshold. However, as one lowers the minimum power
threshold, the value converges to its uniform distribution value,
as mentioned earlier, clearly deviating from the AAE.

E. Concentrated Distribution Case From On-Site
Measurements

In [1], the WAE is calculated using approximated zones of
load operations. In other words, the zone consist of all the
exact load operations rounded up to discrete load points. This
means that the histogram does not show all the distinct load
operations. In Fig. 10, the exact load operations are presented
in a scatter plot that highlights the density of the occurring load
operations. The probability of occurrence is determined based
on the proximity of the exact load points. This means that the
histogram does not show the probability of an exact loading but
rather the likelihood of a discrete load point occurring in a certain
region.

The concentrated load distribution gathered from a year of on-
site measurements provides the most similar efficiency levels,
comparing the AAE and the WAE. The difference in efficiency
was found to be 0.67 %. This is because, in this distribution,
a lot of the load operations are concentrated around P,,,, and
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operate in a relatively small area. Moreover, the generator is
rarely operated in SCM. Still, 0.67 % difference is a major
difference between the AEE and the WAE when considering
the economic implications of this difference, if the WAE would
be considered as physical. A final comparison that summarizes
the findings are provided in Table IX.

VI. CONCLUSION

A new method to determine the overall operating efficiency
of synchronous generators under intermittent operation is pro-
posed, where the machine’s magnetic saturation has been incor-
porated. It is shown that the proposed AAE is more effective
and adaptable than the alternative WAE for all the different load
distributions that were investigated. The AAE is, therefore, a
necessary tool to quantify a generator’s overall efficiency accu-
rately in future operating regimes. To legitimize the results, our
efficiency and loss map has been validated by eight handpicked
load-point measurements. The following findings comparing the
AAE and the WAE have been identified.

1) Aload distribution dominated by SCM yields a difference

as high as 33.18 %, while an even distribution deviates by
1.43 % in their respective efficiencies;

2) A concentrated load distribution found from a full year of
measurements on the studied generator revealed a discrep-
ancy of 0.67 %, which is a significant deviation consider-
ing what the operating regime would mean in terms of
economic implications. E.g., designing a generator with
98.17 % compared to 98.83 % could yield a significant
discrepancy in return on investment over the generators
lifetime.

3) It is perceived that there is no physical relevance to the
significant reduction in the WAE. This paper compares
the WAE against the AAE and shows that the WAE is
much more heavily influenced by the weight coefficients
and by intervals of low active power.

Finally, this paper prepares for a wide spectrum of further
research. The additional costs for intermittent operation of hy-
drogenerators should not merely be investigated in terms of
losses, but also its implication on the generator’s lifetime. The
burden is not only influenced by the static load points, but also
by the rapid transitions between them. Future work should also
investigate how the loading regime could be better incorporated
into the design of hydrogenerators from scratch.
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