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Abstract—This paper focuses on the challenges of frequency
response from run-of-river (ROR) plants and potential solutions,
especially considering the effect of wind ramp events in a low
inertia power system. Due to sudden increases in instantaneous
wind power, the system frequency can increase, causing excessive
reduction in the ROR system’s power. Considering their small
pondage, this can result in damage to the physical structure due
to water level violations which are also penalized by stakeholders.
To prevent excessive ROR power deviations, ROR governor
wear and tear, and to prevent tie-line deviations, a centralized
coordination scheme with a balancing layer of distributed control
has been developed for coordinating the response from a cluster
of ROR plants. Results indicate that the centralized scheme both,
with and without the balancing distributed control layer can
reduce frequency peaks. However, the inclusion of distributed
cooperative controls leads to reduced governor actions from fast-
acting plants while enhancing net response from the hydropower
cluster, and faster damping of tie-line power oscillations.

Index Terms—Hydropower, Run of river, Frequency control,
Wind energy, Cooperative control

I. INTRODUCTION

Increasing penetrations of non-dispatchable renewables can
create challenges and opportunities for hydropower resources.
When there is a frequency deviation in the power system
connected hosting the ROR systems, they respond to these
deviations due to their speed feedback and primary frequency
response (PFR) control. As power system inertia decreases,
the effect of renewable power fluctuations cause excessive
hydrogovernor action, thereby increasing governor wear and
tear [1], [2], [3]. This is more severe for hydropower units with
fast governors which causes unequal response and governor
wear among a hydropower fleet. A case study in Australia
presented in [4], showed that large-scale wind generation in
low-inertia systems (those with up to 50% wind:hydro capacity
ratio) would result result in a high-rate of change of the
frequency during disturbances, such as wind ramping, incur-
ring on operational impacts in the hydropower system. These
impacts on ROR plants becomes a very sensitive subject,
specially in the U.S, because maintaining river flows to meet
downstream stakeholder needs takes a higher priority than
power production.

Recent studies have shown that power system inertia [5] and
frequency response has been declining during the last several

years [6], [7]. Excessive frequency excursions can lead to load
shedding, instability, machine damage, and even blackouts.
Therefore, increased flexibility and ancillary service require-
ments such as frequency response from small hydropower
units plays an important role for the stability of a power
network with high penetration of renewable energy resources.
Some of the problems mentioned above (unequal wear and
tear, pondage water level deviation) can be solved by reducing
the response of the governors. However, this would reduce the
contribution of these plants to frequency support and tie-line
error minimization. Also note that, the change in plant control
parameters opposes downstream stakeholders interest.

To cater to this set of problems, an external real power refer-
ence control scheme is designed by implementing a centralized
control (CC). The response from the CC scheme is then bal-
anced and redistributed among the units using a decentralized
control (DC) approach implementing a consensus protocol.
The centralized control (CC) strategy uses a power distribution
scheme similar to conventional automatic generation control
(AGC) [8]. The decentralized control (DC) strategy uses a real
power utilization ratio consensus protocol-based cooperative
control scheme [9], [10]. Two configurations of the balancing
DC layer are tested, a) leader follower free (DC1), and b) with
leader follower DC2. A similar application in literature can be
found in [11]. The details of each configuration is presented
in later sections.

II. METHODS

A. System Model

The power network of Idaho Falls (IFP) consists of 94.5
MW of load and 52.9 MW of ROR hydro generation [12].
The IFP network has a ring bus topology at 46 kV and is
connected to the WECC system at 161 kV. Fed by the Snake
River, there are four ROR plants (three having identical Kaplan
bulb turbines) distributed across this power network.

In [13], the H6E governor and turbine models used for three
of the ROR systems in this work, have been described and
matched with field data. A larger unit was reported to have a
PID governor [14] with a similar turbine model.
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Fig. 1: Aggregated wind farm with IFP distribution system
(Detailed topology can be found in [12])

B. Wind Farm Modeling

In the foothills of Idaho Falls, approximately 12 miles east
from the city center, four wind farms with a total capacity
of 366 MW have been operational since 2005 (see table I).
While these wind farms are not part of IFP’s jurisdiction,
nor Idaho Falls receives electricity from them, their power
is routed through the Goshen substation, south of Idaho Falls.
The hydropower plants from IFP are also interacting with the
WECC network through Goshen. This means both genera-
tion types, hydropower and wind, are interacting electrically
through the point of interconnection.

TABLE I: High-level information of the wind farms in the
vicinity of IFP.

Wind Farm Capacity MW  Number of Turbines Year
Meadow Creek 119.7 57 2012
Horse Butte 57.6 32 2012
Goshen North 124.5 83 2010
Wolverine Creek 64.5 43 2005

Among these farms, IFP has a revenue share with the Horse
Butte farm, and hence we focus on the impact this farm may
have on IFP’s electrically co-located hydropower generation
[15]. The Horse Butte farm is modeled using the open-source
code FLORIS [16], which is a python package to model wake
and controls in wind farms. The inputs to the package is a
time series of wind speed and direction. The model output is
the aggregated and individual wind turbine power time series.
By considering wake effects in the simulation, the aggregated
output will show variations in the real power, rather than a
laminar value (2). The output power time series is then used
as an input in the Simulink model.

A current source-based aggregate model is used to model
the wind farm in Simulink, where the injected current is
calculated as:
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Here P" and Q" represent real and reactive power refer-
ences for the farm, v and ¢ represent instantaneous voltage and
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Fig. 2: FLORIS snapshot of the wind farm wake interactions
with a wind direction of 270° and a wind speed of 14 m/s.

currents and subscripts d, and ¢ represent dg-axis components.
The injected currents are synchronized using a phase-locked-
loop (PLL) driven by the terminal voltage. The current source
based model greatly reduced computational burden.

C. Generation coordination scheme - Centralized control
(CO)

As mentioned before, modification of parameters of the
existing system governor for these ROR plants would not be
feasible due to stakeholder engagement and other risk factors.
Consequently, to meet flexibility needs, a second layer of
power reference control (CC) is applied. The CC scheme em-
ploys the traditional centralized automatic generation control
scheme which is a function of both, the tie-line error and the
frequency error.

AP, = L
P X Py

/(%(P*t—Pt)-i-’Yf(GO—f))dt- 2

Here, P;, P,, P*, f,v; and s, represent the rated power of
the 7t» ROR unit, tie-line power-flow, reference value of tie-
line power-flow, frequency and gains for tie-line power-flow
and frequency control, respectively. The above scheme ensures
capacity proportional sharing of response by sharing AP;;U
among units. However, it does not consider feedback from in-
dividual unit. This scheme deploys a one - way communication
scheme which is modeled as [17]:
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Equation (3) is a binary matrix representing the on/off status
of communication between two ROR plants participating in the
scheme. If every generator and the inter-connecting substation
can be considered as a participant, each row (a communication
vector) in the S matrix in (3) is dedicated to one participant.



TABLE II: Qualitative Comparison of Control Strategies

Centralized approach (CC)

Decentralized control approach 1
(DC1)

Decentralized control approach 2
(DC2)

Brief Descrip-
tion

Strengths

Weaknesses

Based on local frequency and local tie-
line power measurement.

Divides and distributes the power refer-
ence changes for each participating unit
in a capacity proportional manner.

Individual plant feedback-free (based on
local measurements) and hence has low
communication requirements.

Lower computational burden and easier
maintenance and debugging.

The individual plant feedback free as-
pect prevents CC from being aware of
each plant reserve and response. This

DCl1 acts a balancing layer between
the CC and the units. Considers APy,
from the CC scheme as an external
input, where CC output is channeled to
every participating unit.

Enhances plant behavior through con-
sensus of slow and fast plants.

DC1 scheme employs consensus proto-
col which prevents saturation of lower
reserve plants.

DC1 not only balances CC response
but also droop based primary frequency
response.

Additional Communication network re-
quirements to enable peer-to-peer com-
munication.

DC?2 also acts a balancing layer between
the CC and the units. However, DC2
involves a leader, and the CC output is
channeled only to the leader. The other
units are followers.

Includes the strengths of the DCI1
scheme.

Only peer-to-peer communication is re-
quired.

Initial choice of leader is important.
If leader fails or is sabotaged, the central
command has an additional responsibil-

can cause saturation and added oscilla-
tions.

ity to detect the same and choose a new
leader.

Also, each participant is only aware of its own communication
vector (row in (3)). Additionally, when varied from O to 1,
the elements of the S matrix also represent weight factors
of the influence of a peer. In (3), the top row represents the
inter-connecting substation that would measure, calculate and
distribute signals to other generators.

D. Generation coordination scheme - Decentralized control
DC (DCI and DC2)

Separate ROR plants respond differently to the same distur-
bance due to different governor and plant control parameters
as vendors may not be the same, or year of installation may
be different. Therefore, wear and tear is comparatively greater
for faster units. Also, many ROR plants have small ponds
which might be endangered due to rapid changes in water
levels, which is most probable for fast-acting plants. However,
the differences between the units can be exploited to realize
benefits through a distributed cooperative control framework.
For this, we first define utilization «; factor as

pi(t)

Q; (t> ﬁi ? (4)
where p; is the real power injection of the i** ROR unit. The
DC protocol is simply expressed as

’ A; otherwise

where
Ai = —72 / Sij (Oéi - Oéj)DZadt.

and
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DZ, = (6)

0 otherwise

Equation (5) can be used as a supplementary control with
the power reference to the HG6E or PIDGOV governor. The

saturation in (5) and dead-zone (DZ, as in (6)) function-
alities are built into equation (5) to allow traditional con-
trol functionalities like PFR and CC to dominate. DZ, is
implemented if complete consensus among neighbors is not
preferred and other objectives (such as dispatch or contracts)
are to be prioritized after the neighbors are close to each other
under normal operating conditions. The saturation in (5) is
implemented for two purposes, a) to increase plant capacity
awareness of the consensus control and b) to limit the action
of the consensus control to prioritize restorative action. For
DC1 the communication matrix in (3) is modified to represent
peer - to - peer communication scheme as:

1 1 1 1 1

Sij=10 So1 1 Saz O N
0 0 S3 1 Sy
0 Suiu 0 Si3 1

Here, as the distribution network under consideration has a
ring bus topology, each ROR generator has two peer gen-
erators. When using (7), note that there are no leaders or
followers.

To eliminate the communication burden a partially decen-
tralized scheme for implementing (5) was examined by setting
[So1, 502, S03, Soa, S10, S20, S30, S10] = [1,0,0,0,0,0,0,0]
showing that the CC scheme at the substation communicates
with plant #1. This is an alternative to (7) (and forms DC2)
where, one chosen ROR plant (say plant #1) is the leader,
while other units are followers. A qualitative comparison of
CC, DC1 and DC2 relevant to this work is provided in table
1L

The adjacent wind farm has not been considered in the CC
or DC schemes as the ownership of the wind farms and ROR
units is different. Also, to have consensus between controllable
and uncontrollable resources will need further investigation.



However, the impacts of its participation of the wind farm
with PFR has been examined in the following section.

III. RESULTS

The system in Fig. 1 is simulated with a wind ramp as
produced by section II-B. In simulation 1 we look at the effects
of combining governor PFR with DC, while in simulation 2
we look at the effect of combining governor PFR with DC1
and CC. The wind ramp is applied at 10s for both simulations.
Also, the wind farm does not participate in CC or DCI1 (only
PFR).

A. Simulation 1: Effect of combining hydrogovernor PFR
response with cooperative control (PFR+DCI)

The results of this case are shown in Fig. 3. Here, baseline
represents without DC1. Three identical slower units are nat-
urally in consensus, given similar initialization and capacity,
and are represented by the bold solid line on Fig. 3. It can
be clearly seen that, the DC strategy reduces frequency peak
with or without PFR response from the wind farm (WF).
Additionally, the following observations can be made:

o Without WF PFR: Initially during t € [0 25] there is
strong consensus which helps arrest the frequency peak
at a lower value. However, at t=25s, DC1 saturates and
allows the PFR to dominate. Around 60s, DC1 is reacti-
vated and redistributes the response of the generators to
form consensus while a larger frequency error exists due
to the prevented gate movement.

o« With WF PFR: PFR response from the WF is char-
acterized to be much faster than that from the hydro-
governors. With WF participating in frequency response,
required response from the hydro plants is reduced,
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Fig. 3: Simulation results displaying baseline (PFR only) and
the effect of DC1 (or PFR + DC1) from (a) ROR hydropower
plants only (b) wind farm (PFR only) and hydrogovernors

thereby preventing DC1 from saturating and consensus is
maintained throughout. With DC1 the frequency peak is
lower. Including DC1 reduces gate movement from faster
hydro units.

B. Simulation 2: Effect of combining hydro PFR response and
centralized control with cooperative control (PFR+CC+DCI)
and (PFR+CC+DC2)

To understand the effectiveness of combining PFR, CC, and
DC, four cases are constructed as follows; baseline: PFR only,
casel: PFR + CC, case2: PFR + CC + DCl, and finally, case3:
PFR + CC + DC2. Case 3 considers unit4 as the leader and
receiving CC communication. To view the effect of primary
control of the wind farm, all 4 cases are repeated with wind
and without wind. The main observations in the simulation
results as shown in fig. 4 can be described as follows:

o Without WF PFR: With the application of every layer

of additional control (CC, CC+DC), frequency peak is
reduced as can be seen in Fig. 4(a)(i). This clearly
shows that with external control, the response of existing
plants can be enhanced to support system frequency.
Additionally, the DC strategies aid in distributing the CC
response by assimilating the behavior of 4 units for the
CC, which reduces the need for individual plant feedback
for the CC scheme.
The CC as expected would bring down the steady-
state frequency. However, the inclusion of the CC also
demands extra response which produces frequency os-
cillations, and excessive gate movement especially for
the faster unit. When the DC1 or DC2 strategy is used
alongside the CC, the oscillations are reduced, frequency
peak is reduced and governor action of the faster unit is
reduced. The inclusion of DC also results in smoother
tie-line power flow profile. In case2 and case3, the DC
algorithm reduces gate movement of fast units as in Fig.
4(a)(iii).

o With wind farm PFR: With PFR response from the wind
farm the frequency peak is reduced further as expected
for every case. Similar to without wind, here we see
the reduced governor action from the faster unit. The
response to case3 is different compared to that for case2.
The stronger response from unit4 in case3 is mostly
because CC is connected to unit4 only and the frequency
and tie-line deviation is severe that CC dominates DC.
However, compared to casel, the governor action is
lower.

IV. CONCLUSIONS

As renewable penetration increases, frequency response
from hydropower units gains even more importance. This
paper investigates the ability of external controls to improve
frequency response of a hydro unit cluster while reducing
governor action (in turn reducing governor wear and sudden
water level deviation). It was observed that with the help of an
external centralized control strategy (similar to commonly used
AGC), frequency response could be improved but the faster
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Fig. 4: Simulation results displaying baseline: PFR only, casel: PFR + CC, case2: PFR + CC + DCI, case3: PFR + CC +
DC2 where only unit4 is the leader and receives the CC commands.

units would absorb most of the generated power command.
This mainly arises from the fact that this centralized scheme
is unaware of whether the divided power signals are being
followed accurately by the participating plants or not. As such,
another consensus protocol based distributed control scheme is
used to allow balance the real power sharing between slow and
fast units during dynamic response periods. It was observed
that this unifies the behavior of units. As a result, this allows

the

decrease and increase in response of faster and slower

units, respectively, if the communication weights are properly
selected. Further, it was observed that the leader follower
scheme could also effectively reduce the frequency peak but
since the leader was chosen to be the faster unit, the action of
the faster unit is greatly increased.
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