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Abstract— As renewable penetration increases in the United 
States, maintaining stability and reliability of low-inertia power 
grid by providing sufficient frequency control capability becomes 
a challenge. Advanced pumped storage hydro technologies 
(APSH) will be expected to play an important role for future grid 
as not only an energy supplier, but also as an ancillary services 
provider. This paper studies the impact of using quaternary 
pumped storage hydropower (Q-PSH), as one of the newly 
proposed APSH technology, to provide primary frequency 
response. To quantify the impact of Q-PSH on frequency 
response of the U.S. Western Interconnection, a user-defined 
dynamic model of Q-PSH is developed on the GE Positive 
Sequence Load Flow (PSLF) platform and is implemented in a set 
of detailed U.S. Western Electricity Coordination Council 
(WECC) planning cases in which renewable penetration levels 
are 20%, 40%, 60% and 80%. Simulation results show that Q-
PSH can help improve frequency nadir and settling frequency 
comparing to the conventional PSH. 

Index Terms – Pumped storage hydro, quaternary pumped 
storage hydro, high renewable penetration, frequency response.  

I. INTRODUCTION

Variable renewable energy (VRE), like wind and solar 
photovoltaics (PVs), is being installed in an unprecedented 
rapid speed around the world. On one hand, the variability and 
uncertainty from the VRE could bring challenges on balancing 
the energy between generation and demand. On the other hand, 
the replacement of synchronous generators with these inverter-
based resources (IBRs) are changing the dynamic 
characteristics of the bulk power systems, includes but not 
limited to physical inertia, short-circuit current, the primary and 
secondary frequency regulation capability, etc. Therefore, it 
poses challenges for maintaining stability, reliability, and 
resilience of power grid.  

To further accommodate VRE in the power grid, energy 
storage has been identifying as a key technology to provide 
flexibility [1]. Pumped storage hydropower (PSH) technologies 
are becoming more valuable for its large capacity, the capability 
of long-term and short-term energy balancing and flexibility. In 
the United States, conventional pumped storage hydropower 

(C-PSH) is the widely used PSH technology. To maintain the 
stability and reliability of grid operation, C-PSH can provide 
primary frequency support and frequency regulation in the 
generating mode; however, these services cannot be provided 
during pumping mode, since it is operating at a fixed speed in 
the pumping mode. 

In recent years, advanced pumped storage hydro (APSH) 
technologies have started to attract worldwide attention, 
because its high efficiency and ability to adjust power and 
provide the frequency ancillary services in the pumped mode 
[2]. Quaternary-PSH (Q-PSH), as one newly proposed APSH 
technology, has been developed by taking advantage of C-PSH 
and power electronic-based adjustable speed-PSH (AS-PSH). 
By leveraging the fast response capability of AS-PSH unit and 
physical inertia from the C-PSH unit in the quaternary 
configuration, Q-PSH can provide capability for both short-
term energy balancing and fast power support in the future high 
renewable penetrated power system. We envision that this 
capability becomes more valuable as we further push the 
penetration of variable renewable generation. However, so far 
there is no publicly accessible study to quantify the benefit of 
using Q-PSH for grid operation in terms of frequency stability; 
in particular, to help different stakeholders (including policy 
makers, grid planners and operators and vendors) understand 
the role and value of new Q-PSH technology for the future high 
renewable scenarios. 

This paper is to study the value of using Q-PSH for 
frequency support for an interconnection-level grid with high 
penetrations of renewable resources. The Western 
Interconnection electrical system in North America has been 
selected as a real large-scale test system for its rich hydropower 
resource and existing and planned PSH projects. The work 
presented here deals, specifically, with Q-PSH and investigates 
its impact on the frequency profile of the WECC system at 
different levels of renewable penetrations, up to 80%. The rest 
of this paper is organized as follows. Section II introduced the 
background of Q-PSH technology. Section III describes the 
modeling of Q-PSH. Section IV shows the impact study of Q-
PSH on frequency response of Western Interconnection. The 
conclusion is given in Section V. 
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II. ADVANCED PUMPED STORAGE HYDRO 
Q-PSH technology has been proposed to combine 

operational advantage of the adjustable speed pump of the AS-
PSH and the hydraulic short circuit (HSC) of the T-PSH. 

AS-PSH can be designed in two versions. The first version 
is where plant implements a doubly fed induction machine 
(DFIM) coupled with a reversible pump-turbine as shown in 
Fig. 1(a). In [3], author introduces the use of AS-PSH in 
generation mode efficiency enhancement for part-load 
conditions when a pump turbine is used. The work on frequency 
regulation provided by DFIM-based AS-PSH in the pumping 
mode is introduced in [4]. The smooth starting and fast braking 
using regenerative braking in AS-PSH can be observed in [5]. 
The second version is Full Converter AS-PSH (FC AS-PSH) 
which uses a fully fed converter system with a synchronous 
machine coupled with a reversible pump-turbine as shown in 
Fig. 1(b). This is a plant that implements a synchronous 
machine with the stator connected to the grid via a back-to-back 
voltage source converter and the required filter. The rotor is 
extended to provide excitation. In [6], author presents the 
dynamic modeling of fully fed AS-PSH and its fast frequency 
response. 
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Fig 1. Functional diagram of (a) DFIG based AS-PSH (b) Synchronous 
machine based AS-PSH and (c) T-PSH. 

T-PSH is an arrangement of a separate pump, a separate 
turbine and a synchronous machine on the same shaft to form a 
unit as displayed in Fig. 1(c). The turbine and pump can work 
separately or together to form a new operation mode so called 
HSC mode. Benefitting from the same shaft rotating direction 
of pump and turbine, T-PSH can change the operation mode 
quickly which make significant contributions to the frequency 
regulation [7]. 

Q-PSH combines the features of the AS-PSH and the T-
PSH. As shown in Fig. 2, Q-PSH consists of two separate 
shafts, one for the pump-motor combination and another for 
the turbine-generator combination. Here, a full-sized back-to-
back converter interfaces the pump-motor combination with 
the grid while the turbine-generator combination is directly 
connected to the grid. Synchronous machines are used for both, 
the adjustable-speed pump, and the generator. Benefiting from 
this mechanically independent hydraulic machine structure, 
the Q-PSH combines the benefits coming from AS-PSH and 
T-PSH as mentioned below: 
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Fig 2. Functional diagram of Q-PSH 

• Q-PSH can both extend the pump mode operating range 
and provide rapid response in pumping mode compared to 
T-PSH and AS-PSH which adds flexibility and 
responsiveness to the power system.  

• In generating or idle mode, the converter in the pump unit 
can be acted as reactive power compensators. In pumping 
mode, the synchronous machine in the turbine unit can be 
operated as a synchronous condenser 

• The separate shafts of Q-PSH configuration result in faster 
mode change times as compared to the T-PSH and AS-
PSH configurations. 

III. QUATERNARY PSH 

A. Modelling Q-PSH 
The relation between the flow rate of water and the 

difference in head for the turbine and pump can be given by: 
𝑑𝑑𝑑𝑑𝑡𝑡
𝑑𝑑𝑑𝑑  =  

𝐻𝐻𝑡𝑡 − ℎ𝑡𝑡 − ℎ𝑙𝑙
𝑇𝑇𝑤𝑤

 =  
𝛥𝛥ℎ𝑡𝑡
𝑇𝑇𝑤𝑤

 (1a) 

𝑑𝑑𝑑𝑑𝑝𝑝
𝑑𝑑𝑑𝑑  =  

−[𝐻𝐻𝑝𝑝 − ℎ𝑝𝑝 − ℎ𝑙𝑙]
𝑇𝑇𝑤𝑤

 =  
𝛥𝛥ℎ𝑝𝑝
𝑇𝑇𝑤𝑤

 (1a) 

Here Ht, Hp, h, and hl define the static head for the turbine, static 
head for the pump, head at turbine entrance, and head loss due 
to friction as hl = fpQ2, (where Q can be the flow rate of water 
for the turbine or pump) and Tw is the water starting time 
constant. Since the turbine and pump are connected, it is 
required that we model the interaction between the two. 
According to [8], the hydraulic dynamics for the pump and 
turbine and their mutual connection can be given by: 

�
Tw_tt Tw_tp
Tw_pt Tw_pp

� �

dqt
dt

dqp
dt

� = �
Δht
Δhp

� (2) 

where, Tw_tt, Tw_pp are the water time constants for the entire 
penstock length of the turbine and the pump; Tw_tp, Tw_pt are the 
water time constants for the shared-penstock length from the 
turbine to the pump or from the pump to the turbine. The 
discharge and the head for the turbine is given by, 

𝑑𝑑𝑡𝑡  =  𝐺𝐺𝑡𝑡�ℎ𝑡𝑡 (3) 
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where, Gt is the turbine gate and ht is the head at turbine inlet. 
For the pump model, the equation (3) needs to be modified. 
Unlike the turbine gate, the pump gate Gp can either be fully 
closed or fully open and hence is not considered as a control 
variable for the pump model. Instead, the speed of the pump 
can be controlled. Thus, for the pump the relationship between 
flow and head at the pump exit is expressed as a function of 
speed instead of gate as: 

ℎ𝑝𝑝  =  𝑎𝑎0𝜔𝜔2 + 𝑎𝑎1𝜔𝜔|𝑑𝑑𝑝𝑝| + 𝑎𝑎2𝑑𝑑𝑝𝑝2 (4) 

where, a0, a1 and a2 are coefficients for curve fitting, ω is the 
mechanical speed of the pump shaft, simulated by: 

2𝐻𝐻
𝑑𝑑𝜔𝜔
𝑑𝑑𝑑𝑑

 =  𝑃𝑃𝑚𝑚 − 𝑃𝑃𝑒𝑒  −  𝐷𝐷𝜔𝜔 (5) 

Here, 𝑃𝑃𝑚𝑚, 𝑃𝑃𝑒𝑒, D, and H are mechanical power, electrical power, 
damping and inertia constants, respectively. The mechanical 
power for both pump and turbine are given by:  

𝑃𝑃𝑚𝑚  =  
𝜌𝜌𝜌𝜌ℎ𝑑𝑑
𝜂𝜂  (6) 

where, h and q can be pump or turbine instantaneous head and 
discharge, respectively, and η is the efficiency of the pump or 
turbine.  

B. Control of Q-PSH 
To control the operating mode of Q-PSH and distribute the 

power order to both turbine unit and pump unit, a distribution 
function is designed as [9]: 

�
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜_𝑝𝑝 = −𝐾𝐾𝑜𝑜_𝑝𝑝 × |𝑃𝑃𝑜𝑜𝑒𝑒𝑚𝑚𝑜𝑜|
𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜_𝑡𝑡 = 𝐾𝐾𝑜𝑜_𝑡𝑡 × |𝑃𝑃𝑜𝑜𝑒𝑒𝑚𝑚𝑜𝑜|     𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝐾𝐾𝑜𝑜_𝑝𝑝,𝐾𝐾𝑜𝑜_𝑡𝑡𝜖𝜖 [0,1] (7) 

where, Kd_p and Kd_t are the power distribution coefficients for 
the pump and turbine, part respectively where, Kd_p and Kd_t 
∈[0,1] is the total power demanded from the unit. The value of 
the coefficients can be set by the operator according to a 
schedule, but the coefficients obey the condition that, 𝐾𝐾𝑜𝑜_𝑡𝑡  =
 1 − 𝐾𝐾𝑜𝑜_𝑝𝑝. The pump power order is given to the pump’s 
converter control according to which the controller generates 
and tracks a current reference. This result in the change in 
electrical power that consequently alters the speed of the 
system. The turbine power order is given to the hydraulic 
governor which regulates the turbine inlet valve while 
maintaining synchronous speed. The control system for the Q-
PSH is represented in Fig. 3. 

Primary control signals form the droop can be generated 
using the system frequency deviation for both the conventional 
turbine governor and the pump converter. The inertia and 
primary frequency controller have been modelled and 
implemented as: 

𝛥𝛥𝑃𝑃𝑖𝑖  =  𝐷𝐷𝐵𝐵𝑖𝑖𝐾𝐾𝑖𝑖
1

1 + 𝑠𝑠𝑇𝑇𝑖𝑖
𝑠𝑠𝑇𝑇𝑤𝑤𝑜𝑜𝑤𝑤𝑡𝑡

1 + 𝑠𝑠𝑇𝑇𝑤𝑤𝑜𝑜𝑤𝑤𝑡𝑡
𝛥𝛥𝛥𝛥 (8) 

𝛥𝛥𝑃𝑃𝑔𝑔  =  𝐷𝐷𝐵𝐵𝑔𝑔𝐾𝐾𝑔𝑔
1

1 + 𝑠𝑠𝑇𝑇𝑔𝑔
1 + 𝑠𝑠𝑇𝑇𝑧𝑧
1 + 𝑠𝑠𝑇𝑇𝑝𝑝

𝛥𝛥𝛥𝛥 (9) 

In (8) and (9) a dead-band DBi and DBg is used to reduce 
control activity, followed by a gain Ki and Kg for amplification 

and a low pass filter to eliminate noise. The washout filter in 
the inertia control in (8) allows it to respond only to fast changes 
in frequency, while the lag compensator in the primary 
frequency controller allows it to respond to the slow changes in 
frequency and compensate for controller and sensor delay. 

 
Fig. 3. Control system overview for Q-PSH.  

To model the Q-PSH system in the GE PSLF platform, the 
user-defined and existing models are used. The hydraulic, 
mechanical and control system in the Q-PSH is modeled by an 
EPCL user-defined model with the name EPCTRB [9]. For the 
machines in turbine and pump units, the existing models in the 
library are used. For the synchronous machine in the turbine 
unit, the salient pole synchronous generator model GENSAL 
and IEEE Type DC1A exciter model ‘IEEET1’ are used. The 
pump motor and converter system in the pump unit are modeled 
with GEWTG, while its real and reactive power tracking 
controller are modeled with EWTGFC [10]. The references for 
machines in pump unit and turbine are given by the user-
defined governor model. Similar to other commercially 
available software, in the PSLF all of the above components 
(user-defined or pre-existing) and their parameters can be added 
to the dynamic data file as one component. 

IV. SIMULATION RESULTS AND DISCUSSION 

A. Test System – Detailed WECC System  
This work considers the WECC 2022 light spring case 

(2022LSP) system where the system conditions represent a low 
load and a planned amount of high renewable penetration. Also, 
in the spring of 2015 four generation trip events were recorded 
which eased the process of model verification. Results from the 
model verification displayed that the WECC model was 
successfully able to capture the time-domain dynamics of 
system frequency. Detailed results can be found in [11]. 

The test system consists of 19000+ busses, 4000+ 
generators, and is divided among 21 areas, 424 zones and 492 
owners. Here, not all generators are equipped with governor 
systems e.g., nuclear and a few coal-based plants. Most of the 
governor response is derived from hydro, combined-cycle, and 
gas-turbine units. The main governor turbine models used in the 
system are GGOV1, HYGOV, IEEEG1, IEEEG3, HYG3, 
HYGOV4, GPWSCC. The main generator models used were 
GENROU, GENTPJ, and GENTPF with IEEET1 as the main 
excitation system [12]. 

Droop 
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B. Development of High Renewbale Penetration Scenarios 
The renewable energy (RE) penetration of 20, 40, 60% and 

80% scenarios have been developed by keeping the wind power 
constant at 15% and varying the rooftop PV penetration as 
shown in table I. Rooftop PV and utility-scale PV have different 
behaviors [12]. 

Rooftop PV technical potential-based method and NSRDB 
based data were simultaneously used to calculate the suitable 
space and insolation available at a zip code, respectively. In 
brief, rooftop PV technical potential-based method processes 
Light Detection and Ranging data and building footprint data 
which are analyzed for shading, tilt, and Azimuth to determine 
the suitability of rooftop area for PV [13, 14]. The NSRDB is 
an open source NREL-built database that provides the solar 
irradiation data that can be further be modified by using the 
geographical and weather information of the area of interest 
[15].  

TABLE I.  SYSTEM INERTIA FOR DIFFERENT SIMULATION CASES [16] 

Case System 
Inertia 

Wind 
Penetration 

PV 
Penetration 

Total  
Penetration 

20% 3.02 14.36% 1.73% 21.03% 
40% 2.21 14.36% 22.73% 42.02% 
60% 1.93 14.53% 42.28% 60.16% 
80% 0.93 14.53% 61.16% 80.61% 

C. Baseline Analysis 
For the baseline analysis, the WECC system was considered 

with C-PSH installed at respective locations, which amounted 
to 4147MW. The detailed information of these C-PSH can be 
found in [16]. The baseline analysis provides a sense of the 
problem at hand and in fact verifies the assumption that higher 
penetrations of renewables will reduce system inertia and cause 
larger deviations in system state variables. At 10 seconds, a 
plant (2.7 GW) trip is simulated, and the system experiences a 
frequency transient due to the sudden imbalance of real power. 
The frequency profile, as in Fig. 4, displays a lower frequency 
nadir and settling frequency as the penetration level changes 
from 20% to 80%. The 2022LSP case considers, the total output 
of -2553MW at the time the disturbance was applied. 

 
Fig. 4. WECC System responses to a plant trip event under 20%, 40%, 
60% and 80% renewable penetration. 

D. Integration of Q-PSH 
To test the impact of Q-PSH, several existing C-PSH units 

in the system were replaced by the Q-PSH. The Q-PSH 
governor was developed using user-defined model in GE's 
PSLF [16] platform. While replacing the existing C-PSH unit, 

the generator, exciter, and associated stabilizer models were left 
unaltered to retain a level of certainty. 

E. Impact of Q-PSH with Different Renewable Penetration 
Levels 
After replacing the selected C-PSH with Q-PSH operating 

in HSC mode in the WECC system, the same event as in the 
baseline case was applied at 10 seconds in each level of 
penetration case. From Fig. 5(a) and 6(a) we can conclude that 
a) the initial rapid response from the converters of the Q-PSH 
helps improve the frequency nadir by 0.1 Hz and 0.25 Hz, b) 
the joint response from the pump and turbine improves the 
settling frequency by 0.05 Hz and 0.18 Hz, and c) the rate of 
change of frequency is considerably reduced close to the 
frequency nadir.  

Fig. 5(b) and 6(b) shows the real power contribution from 
all Q-PSH units in the WECC system and verifies the 
capabilities of Q-PSH that results in the above-mentioned 
conclusions. From these figures it can be observed that, before 
10 seconds, system operates normally at desired frequency. As 
soon as the disturbance is applied at 10 seconds, system 
frequency drops and rapid inertial response from the C-PSH 
and Q-PSH is realized. Clearly, after the event at 10 seconds, 
with the combined action of the inverter-based inertia control 
and synchronous machine inertia, the Q-PSH has greater 
inertial response compared to the C-PSH. Later, the effect of 
droop control of both the pump and turbine results in significant 
reduction in the power consumed. In the 80% renewable 
penetration case, it can be observed from the Fig. 6(b) that the 
inertial response is greater than that in Fig 5(b) which results 
from the sharp ROCOF at higher renewable penetrations. Also, 
at 80% penetration, the frequency settles lower than that in the 
20% case which elevates the contribution from the primary 
control of the Q-PSH. 

  
(a) (b) 

Fig. 5. Analysis of WECC system (a) frequency and (b) power response 
with Q-PSH vs. with C-PSH under 20% RE penetration. 

  
(a) (b) 

Fig. 6. Analysis of WECC system (a) frequency and (b) power response 
with Q-PSH vs. with C-PSH under 80% RE penetration. 
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Fig. 7 breaks up one Q-PSH plant’s response and illustrates 
the dynamics of the pump and generator power output. Fig. 8 
shows that with Q-PSH more than 80% renewables can be 
hosted in the same network from a dynamic stability standpoint 
as the frequency nadir is above the 59.5 Hz mark, whereas 
frequency nadir in the C-PSH 80% penetration case is below 
59.5 Hz. The settling frequency also shows better values which 
is mainly due to the added relief from the primary frequency 
response of both pump and generator which is only possible 
with the Q-PSH. 

 
Fig. 7. Electrical power output from pump, turbine and combined. 

 
Fig. 8. Summary chart for system frequency nadir and setling frequency  

V. CONCLUSION 
This paper has studied the impacts of Q-PSH on frequency 

response of the U.S. Western Interconnection under 20%, 40%, 
60% and 80% renewable penetration levels, during the pump 
mode operation. Compared to the C-PSH, Q-PSH in HSC mode 
shows higher frequency nadir, higher settling frequency and 
slower ROCOF. This is possible due to the rapid response of 
the converter-based pump combined with the HSC based 
response from the turbine of the Q-PSH. As a result, the 
frequency nadir of the system is maintained above 59.5Hz even 
under 80% renewable penetration.  
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