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Synergistic Frequency Regulation Control

Proposed FR Control Strategy

Baseline Routine: baseline power without providing FR

Reference Power Signal: calculate reference power signal to be tracked 

Server Power Management: regulate aggregated server power

Cooling Power Management: regulate cooling system power
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Synergistic Frequency Regulation Control

FR Control: Reference Power Signal

Reference Power Signal

(1) determine the regulation capacity offer

(2) calculate reference power signal

Reference Power

r: normalized FR signal from PJM market 
Creg: regulation capacity offer by data center
Pbas: baseline power without providing FR
ΔPreg,raw: regulated power data center should provide
Pref: reference power signal data center should follow
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Synergistic Frequency Regulation Control

FR Control: Server Power Management

127

where k is a constant parameter, assuming the service rate is proportional to the aggregated

frequency, Na is the number of active servers at current time step, and �mean is the mean arrival

rate at the current time step.

The number of active servers is calculated at an interval of 1 hour because the servers have

relatively long wakeup time. The detailed formulas is shown in Eq. (5.6), where the operator dxe

is the ceiling function that gives the least integer greater or equal to x.

Na(t) = d��mean(t)

k
e (5.6)

By adding a FR flexibility factor � during operation, we can determine the number of active

servers based on the predicted coming arrival rate, as shown in Eq. (5.7). The greater � is, the more

servers are activated for a specific workload. The influence of � on the FR service performance will

be investigated in Section 5.2.

Na(t) = d� ��mean(t)

k
e, Na(t) 2 {0, N0} (5.7)

5.1.2.3 Frequency Control

A PID controller is used to follow the reference power signal Pref by directly changing the

aggregated frequency f at an interval of 4 s.

f(t) = Kpe(t) +Ki

Z
t

0
e(x)dx+Kd

de(t)

dt
, f(t) 2 (fmin, fmax) (5.8)

e(t) = Pref (t)� Pmea(t) (5.9)

In the above equations, Kp, Ki, and Kd denote the coe�cients for the term P, I and D,

respectively. e is the error between the reference power Pref and the measured power Pmea. The

maximum aggregated frequency is 1, while the minimum frequency varies based on the number of
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Server Power Management

(1) determine the number of active servers every hour 
based on predicted workload

(2) regulate aggregator frequency every 4 seconds based 
on FR signals from the electrical market
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Synergistic Frequency Regulation Control

FR Control: Server Power Management

Server Power Management

(1) determine the number of active servers every hour 
based on predicted workload

(2) regulate aggregator frequency every 4 seconds based 
on FR signals from the electrical market

Aggregated frequency regulation

(1) A PID controller is used to track reference power

(2) Service average response time determines the 
minimum aggregated frequency

127

where k is a constant parameter, assuming the service rate is proportional to the aggregated

frequency, Na is the number of active servers at current time step, and �mean is the mean arrival

rate at the current time step.

The number of active servers is calculated at an interval of 1 hour because the servers have

relatively long wakeup time. The detailed formulas is shown in Eq. (5.6), where the operator dxe

is the ceiling function that gives the least integer greater or equal to x.
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By adding a FR flexibility factor � during operation, we can determine the number of active

servers based on the predicted coming arrival rate, as shown in Eq. (5.7). The greater � is, the more

servers are activated for a specific workload. The influence of � on the FR service performance will

be investigated in Section 5.2.

Na(t) = d� ��mean(t)

k
e, Na(t) 2 {0, N0} (5.7)

5.1.2.3 Frequency Control

A PID controller is used to follow the reference power signal Pref by directly changing the

aggregated frequency f at an interval of 4 s.

f(t) = Kpe(t) +Ki

Z
t

0
e(x)dx+Kd

de(t)

dt
, f(t) 2 (fmin, fmax) (5.8)

e(t) = Pref (t)� Pmea(t) (5.9)

In the above equations, Kp, Ki, and Kd denote the coe�cients for the term P, I and D,

respectively. e is the error between the reference power Pref and the measured power Pmea. The

maximum aggregated frequency is 1, while the minimum frequency varies based on the number of

PID control

fmin: service stability, response time 

fmax: nominal frequency, normalized as 1
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Synergistic Frequency Regulation Control

FR Control: Cooling Power Management
Chilled Water Temperature Reset

129

5.1.3 Cooling Power Management

The cooling system power is managed by resetting the chilled water supply temperature.

The regulation signal from the electrical market is directly used to change the chilled water supply

temperature setpoint Tchws,set by Eq. (5.16).

Tchws,set(t) = Tchws(t)��Tr(t), (5.16)

where Tchws is the chilled water temperature at current time step, �T is the user defined regulation

range for the temperature. The negative sign at the right term means when regulation up is needed,

the temperature setpoint should be reduced, and vice versa.

5.2 Case Study

The purpose of this case study is to investigate the performance of the proposed control

strategy for a regA/regD test, and how the performance can be a↵ected by some important factors.

5.2.1 Simulation Setup

The considered data center is located in Chicago, which is in ASHRAE Climate Zone 5A

and within the PJM market territory. The number of servers within the data center is 3500 with

a nominal service rate 250/s. The design factor � is set to 1.4. The total nominal electrical load is

about 2700 kW. The calibrated coe�cients for Eq. (3.35) are b0 = 0.0154, b1 = 1.5837, b2 = 0.1373,

c0 = �22.3540 and c1 = 121.0212 using the method mentioned in Ref. [15]. When not providing

FR, the server aggregator operates at a frequency of 0.8, and the chilled water temperature setpoint

is set to 8 °C. A typical arrival rate from Google is used here as shown in Figure 5.2. The test signal

for 2019 is downloaded from the PJM homepage as shown in Figure 5.3. To guarantee the QoS of

the data center, the maximum average response time is set to 6 ms. The simulation is performed

in an Modelica-based environment [30, 31, 32].
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Model-based Optimal Control Framework

10

min J(Creg) = Ecos + Dpen − Rrev

0 ≤ Creg(t) ≤ Creg,max(t)

tr(t) ≤ tr,u

s(t) ≥ sl

Ecos = ∫
t+Δt

t
pem(t)PDC(t)dt

Dpen = pdm ⋅ max((Pdm − Pdm,lim),0)

Rrev = ∫
t+Δt

t
prm(t)s(t)Creg(t)dt

Objective

Constraints

Operation costs

Energy costs

Demand penalty

FR revenues

FR capacity bids

Server service response time

FR performance score

Extra Demand 
Imposed Regulation
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Baseline

Time

Power

(a) extra demand exposed to FR baseline

(b) Normalized extra demand of 30 
minutes during July, 2018 in PJM



Case Study
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Case Study: Simulation Results

• The optimal FR capacity bid is a result of RegA/D signal profile, energy prices, and FR service 
prices.

• The capacity bid is about  5 kW to 223 kW

• The optimization framework can save $23.6 and $123.6 over two days in January and July, 
respectively.  The savings mainly from providing FR service.

January July
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Conclusions

(1) A synergistic control strategy is proposed to enable FR service in data centers 
without TESS

(2) Real-time optimal control framework enables data centers to minimize operational 
costs from energy market and regulation market.
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