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Renewable energy outputs such as wind turbines and photovoltaics, as well as data center
workloads are both random and uncertain. In order to enhance the stability and economy
of the data center in actual operation effectively, a multi-time scale optimal dispatch
method for the data center microgrid based on stochastic model predictive control is
proposed in this paper. In the day-ahead scheduling stage, the characteristic of the data
center that batch workloads are allowed to be served delayed is considered. And the
scenario analysis method is applied to describe the uncertainty of loads and renewable
energy outputs, based on which an economic optimization scheduling model is
established to minimize the system operating cost. The intra-day scheduling utilizes
the rolling optimization and feedback correction of model predictive control to correct
the deviation of loads and renewable energy outputs and adjust the day-ahead dispatch
plan in real time, which ensures the effectiveness of day-ahead plan and the stability of
system operating. Through the simulation results of a typical data center microgrid, the
effectiveness of the proposed method is verified.

Keywords: data center, stochastic model predictive control, scenarios analysis method, batch workload, energy
optimal dispatch

1 INTRODUCTION

With the rapid development of big data and cloud computing technology in recent years, the quantity
and scale of data centers have been expanding. At the same time, the electricity consumption is also
growing tremendously. It is estimated that about 2% of the world’s total electricity consumption is
related to data centers, and the power demand of this sector is increasing at an annual rate of
15%-20% (Ebrahimi et al., 2015). The electricity bills that some data centers pay to the electricity
market is as high as tens of millions. In order to reduce the electricity consumption costs, more and
more data centers choose to connect lower-cost renewable energy generators such as wind turbines
(WT) and photovoltaics (PV) to their power supply system (Liu B et al., 2021). Futhermore, data
centers belong to the category of first-class loads; hence, power supply cannot be interrupted. It is
necessary for data centers to equip with alternative power sources to ensure the sustainable and
reliable power supply (Wang et al., 2020). Thus, data center construction areas always integrate
energy storage systems (ESS), conventional power generators, and renewable energy generators,
which constitute a typical microgrid system (Li and Qi, 2018; Yu et al., 2018). On the other hand,
batch workloads in data centers are allowed to be served delayed and migrated and can be flexibly
allocated according to the peak-valley difference of the electricity price. With the technology of the
energy management and optimal dispatch, the power consumption and operating cost of data
centers can be reduced effectively.
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Recently, the research on energy management in data
centers has been increasing. In the study by Chen et al
(2016a), the data center is considered as a microgrid, where
renewable energy outputs and ESS are optimized, but the
scheduling of data center workloads was ignored. The
classification of data center workloads was studied by Ding
et al. (2019), wherein by allocating the batch workloads and
utilizing renewable energy, the energy consumption of the data
center was reduced effectively. The impact on the main grid
caused by data center workload migration is considered in a
study by Wang et al. (2016), and the interaction between the
main grid and data center is modeled as a two-stage
programing problem. In a study by Wen and Liu (2019), an
optimal scheduling model of the hybrid wind-solar-hydro
power generation system with data center workloads was
studied. The demand side and power supply side-joint
scheduling was adopted, which improved the economy of
the system. In a study by Wang et al. (2017), a day-ahead
resource dispatch problem considering conventional generator
fuel and carbon emission costs was proposed, and a mixed
integer linear programming (MILP) model was formulated to
solve it.

Although many progresses have been made in the research
on energy management of the data center, most research mainly
studied the energy management of the data center operating in a
certain scenario. In fact, the renewable energy and data center
workloads are quiet random and uncertain. The randomness of
renewable outputs and workloads distribution, as well as the
change of electricity price, are considered in Ding et al. (2018),
and a day-ahead stochastic planning scheme for the data center
microgrid (DCMG) was proposed. A stochastic programming
based on the MILP model for the data center energy
management was proposed in Xu et al. (2019), which can
deal with the influence of uncertainty effectively. The
aforementioned studies consider the influence of uncertain
factors in the data center, but the optimal dispatch was only
in the day-ahead stage. In actual operation, real-time variety of
workloads and renewable energy outputs will still affect the
security and economy of the data center, and the stability of the
main grid will be affected at the same time (Liu et al., 2018;
Xiong et al., 2020).

Model predictive control (MPC) is an advanced method for
process control, which has been widely used in a variety of
complex dynamic systems (Camacho and Bordons, 2004).
Recently, it also has drawn much attention of the energy
management studies. In the study by Chen et al. (2013), a
MPC-based appliance scheduling method for a smart home
was proposed with the consideration of dynamic prices and
appliance usage patterns. In the study by Zhang et al. (2015),
a closed-loop scheduling model for microgrid energy
management was established based on MPC. Through the
closed-loop feedback, model prediction, and iterative update
strategy of MPC, the economy of the system was improved.
However, the aforementioned scheduling models lack the
guidance of day-ahead plans, and the optimization results do
not have the global optimality.

The contributions of this article are listed as follows:
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FIGURE 1 | The structure of a DCMG.

(1) Considering the unique characteristics of data center
workloads and describing stochastic factors with the
scenario analysis method, a multi-time scale optimal
dispatch model combining day-ahead and intra-day rolling
correction of DCMG was constructed based on stochastic
model predictive control (SMPC).

2) The case study of a typical DCMG scenario was conducted to
verify the effectiveness and feasibility of the proposed multi-
time scale model.

2 THE DATA CENTER MICROGRID SYSTEM

The structure of the DCMG is shown in Figure 1. A DCMG usually
consists of conventional generators, distributed renewable
generators, ESS, and data center loads. In most cases, it needs to
purchase electricity power from the main grid. The main difference
between the DCMG and general microgrids is the unique power
consumption characteristic. The workload of the data center refers to
the information and data that need to be processed, which depends
on the user’s behavior of using the network, and has greater
randomness and uncertainty. The workload also determines the
total power consumption of the data center, which is the basis for the
flexible adjustment of the data center’s electrical load.

According to the differences in user’s computing
requirements, the data center workload can be divided into
two categories: the interactive and batch workloads. The
interactive workload must be served immediately (usually a
few seconds) when the users submit requests for computing
services, such as opening a web page, entering passwords, and
sending voice messages. The batch workload can be processed
more flexibly before the deadline. The service time can be
delayed by several hours or even 1day. The batch job
normally includes scientific computing, data backup, image
processing, and other data-intensive tasks (Chen et al,
2016b). Therefore, dispatching the batch workload according
to the peak-to-valley electricity price can reduce the operating
cost of the data center.
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The total power consumption of the data center includes the
consumption of IT equipments and non-IT equipments (such as
refrigeration system, lighting system, etc.). power usage
effectiveness (PUE) is an important indicator to measure the
energy efficiency of a data center (Jaureguialzo, 2011). It is
defined as the ratio of the total power consumption of the
data center to the power consumption of IT equipments. The
PUE value is always greater than 1, and the lower the PUE value,
the more energy-efficient the data center. According to the PUE
value and the power consumed by IT equipment, the total power
consumption of the data center can be calculated.

3 ENERGY OPTIMAL DISPATCH MODEL OF
THE DCMG BASED ON SMPC

3.1 Day-Ahead Optimization Scheduling
3.1.1 The Objective Function

The objective of the day-ahead optimization scheduling is to
minimize the total operating cost of the data center. In this article,
power demand and renewable energy output forecasts are
considered as stochastic parameters owing to their
randomness and uncertainty. The scenario analysis method is
based on the probability theory; the research object of uncertainty
information is described by scenarios, and each scenario
constructed corresponds to a certain probability. The key of
the method is to fully reflect the uncertainty information with
limited scenarios. In this article, it is used to transform the
uncertainty of the DCMG into multiple deterministic
scenarios. The objective function is shown as follows:

ST
minC = ZZPrS -F! (1)
s=1t=1
Npg
Fi= ) (Ci(Pg) + Com (Pg) + Cas (PE)) + Cpp (Piia) - ()

i=1
where C indicates the total operating cost of the data center; S
indicates the number of total scenarios, which is the combination
of the sample sets of each part; Pr, indicates the probability of the
scenario s, which is the product of sample probabilities of each
part; T indicates the total time periods of day-ahead optimization
scheduling, which is 24 h; F ¢ s indicates the operating cost in the
t-th period and the s-th scenario; and Npg indicates the number
of distributed generators. Cs (), Com (+), and Ce,y (-) indicate the
fuel consumption cost, maintenance cost, and pollution emission
cost of distributed generators, respectively; P s,t Gi indicates the
output of the ith distributed generator in the ¢-th period; P s,# Grid
indicates the electricity purchase power from the main grid in the
t-th period; and C,, (-) indicates the cost of the purchasing
electricity from the main grid.

3.1.2 The Constraint Conditions

Based on the structure of the DCMG shown in Figure 1, the
constraints including power consumption of the data center,
distributed generators, ESS, and interaction with the main grid
need to be considered in the day-ahead dispatch model. In

SMPC-Based Optimal Dispatch of DCMG

addition, the DCMG system must satisfy the power balance
between supply and demand, which is the premise for the data
center to realize stable and economic operation.

(1) Data Center Workload Constraint

Suppose that there are M servers with the same structure in the
data center, and the loads distribution of each server is equal,
limited by the computing power of CPU, there is an upper limit
on the workloads that can be processed in each time period that
can be calculated as follows:

L'<Lc,Vt (3)

where L indicates total workloads processed by the CPU in the
t-th period, and Lc indicates the upper limit of the workloads
processed by the CPU of the data center, and

Lt = Lzls + Lilt - O'foad’ vt (4)

where L%, and L}, indicate the interactive and batch workloads of
the data center in the ¢-th period, and o'}, indicates the workloads
that is being processed in the #-th period.

The process of the flexible scheduling of batch workloads can
be expressed as follows (Wang et al., 2017):

Q= Q" + Ly = g VE < ®)

QL=0 (6)

where Q % indicates the batch workloads that have not been
processed by the data center until the ¢-th period.

The power consumed by IT equipments is related to the
quantities of workloads processed by the CPU. According to
the concept of PUE, the total power consumption of the data
center can be calculated. The total power of the data center in the
t-th period can be expressed as shown in (Yu et al., 2014):

P = M(8+uL),Vt )
= Pidle + (PUE - I)Ppeak (8)
u 2 Ppeak - Pidle (9)

where P}, indicates the total power of the data center in the ¢-th
period; M is the quantity of servers in the data center; § and y are
the intermediate variables for calculation; Piy. and Ppea
respectively indicate the power consumption when the server
is in the idle and busy states.

(2) System Power Balance Constraint
Npg

. Do+ Pl = Py + Pl (10)
i=1

Loa

where P s,t ESS indicates the charging and discharging power of
ESS in the tth period, the positive value represents ESS charging,
and the negative value represents ESS discharging.

(3) Interaction Power with the Main Grid Constraint

min St max
PGria < Péria < Péra (11)
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where Pmin Grid and Pmax Grid respectively indicate the upper
and lower limits of the interaction power between the DCMG and
the main grid.

(4) Distributed Generators Operating Constrain
Ppin < pil < po (12)
APEM < P — PET < APE™ (13)

Eq. 12 is the output power constraint of distributed
generators, where Pmin Gi and Pmax Gi respectively
indicate the maximum and minimum output power of the
ith distributed generator. Eq. 13 is the climb power
constraint of operating distributed generators, where
APmax Gi and APmin Gi respectively indicate the upper
and lower limits of the climbing power of the ith
distributed generator.

(5) ESS Constraint

The constraints during the operation of ESS mainly include
the upper and lower limits of charging and discharging power and
the state of charge (SOC) constraint.

~PR <Py < PR (14)

where P st ESS indicates the maximum of charging and
discharging power of ESS.

The SOC of ESS in the t-th period can be expressed by the
formulas in following:

S,
Sty = S (1 - 0) 4y T (15)

where S s,t ESS indicates the SOC of ESS in the t-th period; o
indicates the self-consumption rate of ESS; # indicates the
charging and discharging efficiency of ESS; Eggs indicates the
total capacity of ESS; and At indicates the time interval.

The SOC constraint of ESS is expressed as follows:

Sss < Spss < Spss (16)

Siss = Skss 17)

where Smax ESS and Smin ESS respectively indicate the upper
and lower limits of the SOC. In addition, the SOC should

be consistent at the beginning and the end of the
dispatch cycle.

3.2 Intra-Day Rolling Optimization

Scheduling

The MPC is a kind of a model-based closed-loop optimization
control strategy. The core of MPC is to continuously perform
rolling optimization in a finite-time domain based on the
mathematical model of the controlled object. The strategy
mainly includes the following steps:

(1) Atthe current time step k and the current state x(k), MPC
P
predicts the future state of the system based on the

SMPC-Based Optimal Dispatch of DCMG

prediction model. Considering the current and future
constraints, obtain the control command sequences at
the future time steps k+1, k+2, ..., k + M by solving the
optimization problem.

(2) Apply the control command of the first time step to the
system.

(3) At the time step k+1, update the state x(k+1) and repeat the
aforementioned steps.

Taking a typical grid-connected DCMG as an example, it
consists of WT, PV, a micro gas turbine (MT), a fuel cell
generator (FC), ESS, and data center loads. The state variable
at the time step k is

x (k) = [Py (k), Prc (K), Pgss (K), Sgss (K), Pria (K)]"
The control variable is
u(k) = [APyir (K), APrc (K), APrss ()]
The disturbance variable is
7 (K) = [APyoaq (K), APwr (), APpy (K)]"
The output variable is
y (k) = [Pyia (), Sgss (k)]

The multi-input and multi-output state space model can be
established as follows:

o o 0 07
Py (k + At) Py (k)
01 o0 )
Prc (k + At) Prc (k)
x(k+At) = | Pess(k+At) [=|0 0 1 0 01l Prgs (k) |+
Sess (k + At) 00 - At -6 0 Sess (k)
Pgria (k + At) Eess Pgiia (k)
lo o o 0 1]
10 0 7
0 0 0
0 1 0
APy (k) 0 0 0 [[APra(k)
0 0 1 |lare) |+|0o o o || APwr(R)
0 0 _n At |LAPgs (k) 0 0 0 |LAPw (k)
Brss 1 -1 -1
-1 -1 -1 |
(18)
Paria (k) 00 0 0 1
k) = Ti — .
y (k) [SEss(k) 00010 (19)

[Pyr (k) Prc(k) Prss(k) Sess(k)  Pera(k)]"

The objective of the intra-day optimization dispatch is to
minimize the error between the prediction output value of
the output variable and the day-ahead plan value and
ensure that the adjustment value of each controllable
device in the system is as small as possible. The intra-day
rolling optimization dispatch model can be expressed as
follows:
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Data initialization: prediction outputs of PV,
WT and load; operation parameters of the
DCMG system

Input prediction outputs of PV, WT and load

v

Describe the prediction uncertainty by
scenarios analysis method, obtain a finite
number of representative scenarios and the
corresponding probability.

v

Formulate the day-ahead dispatch plan,
obtain the optimal output combination of the
DCMG under this time scale.

v

Input the solution result of day-ahead
dispatch and update the intra-day prediction.

v

Formulate the intra-day dispatch plan, obtain
the optimal output combination of the Update the real-time
DCMG under this time scale. operating state of the system.

¢ A
Apply the first term of control commands
to the system.

Has the output combination
of all time steps been solved ?

FIGURE 2 | Flow chart of the energy optimal dispatch.

minJ = (Rps = Y1) Wer (Roa - Y5) + U'QU
[ APDR < AP, < AP
Py < Py < P
APR® < AP < APR
st.{ PRt < Ph. < PR

FC =1RC =

min max

AP Ess < tAP Ess S AP
min max
Pigg < P < Prgg

min t max
¢ SESS < SESS < SESS

(20)

where Rpa and Y¢ respectively indicate the day-ahead plan value
and the intra-day prediction output value of the output variable;
W, and Q, are the weight coefficient matrices.

By solving the above model, the optimal control command
sequences of output adjustment for each device in the control
time domain was obtained. At the current time step, only the first
control command was executed. At the next time step, the
aforementioned rolling optimization process is repeated. In
addition, the real-time operating state of the system is used for
feedback correction during each rolling optimization, which
ensures better stability and robustness of the rolling
optimization strategy.

SMPC-Based Optimal Dispatch of DCMG

TABLE 1 | Parameter values of the DCMG system.

Equipment Parameter Value
WT Rated power 400 kW
Operation and maintenance Cost 0.0296 ¥ /kWh
PV Rated power 300 kW
Operation and maintenance Cost 0.0096 ¥ /kWh
MT Rated power 800 kW
Climbing power 160
Operation and maintenance Cost 0.0352 ¥/kWh
FC Rated power 400 kW
Climbing power 80 kW
Operation and maintenance Cost 0.0293 ¥ /kWh
ESS Total capacity 2,400 kWh
Rated charge and discharge power 240 kW
Initial value of SOC 0.2
Range of SOC 0.1-0.9
Charge and discharge efficiency 95%
Self-consumption rate 0.01
The main grid Maximum of the interaction power 2000 kW
TABLE 2 | Electricity price of the main grid parameter values.
Time period Time interval Price(¥ /kWh)
Valley period 0:00-7:00 0.291
23:00-24:00
Normal period 7:00-10:00 0.633
15:00-18:00
21:00-23:00
Peak period 10:00-15:00 1.005
18:00-21:00

3.3 Energy Optimal Dispatch Strategy

Based on SMPC

In this article, the energy optimal dispatch of the DCMG was
divided into two stages: day-ahead optimization scheduling and
intra-day rolling optimization scheduling, constituting a multi-
time scale optimal model. The flow chart of the specific optimal
model solution process is shown in Figure 2.

In the aforementioned solving process, the SMPC-based
energy optimal dispatch strategy of the DCMG constitutes the
MILP problem. Based on MATLAB software, this article uses=d
the CPLEX solver and the YALMIP toolbox to solve the
aforementioned MILP problem.

4 CASE STUDY
4.1 Setting

A typical DCMG system was taken as an example. The system
structure is consistent with the aforementioned DCMG system.
In addition, the data center can purchase electricity from the
main grid. The main basic parameters of the system are shown in
Table 1. The time-of-use electricity price of the main grid is
shown in Table 2 (Xiao et al., 2014).

Since it is currently difficult to obtain the detailed statistical
information of data center workloads, some studies assume that
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FIGURE 4 | Scenario generation and reduction results of WT.

there is a certain proportion relationship between the interactive
and batch workloads (Luo et al., 2014; Li and Qi, 2018). In this
article, it was set that the ratio of interactive and batch
workloads were 4:1. In the actual situation, the ratio depends
on the users of the data center. The parameters of the data center
are set based on the data in the stdy by Yu et al. (2014). The PUE
value is set to 1.2 based on the description of the study by Dou
et al. (2017).

4.2 Result Analysis

4.2.1 Day-Ahead Optimization Results

The prediction power curves of WT, PV outputs, and total loads of
the data center are shown in Figure 3. Considering that all the
prediction errors of them obey the normal distribution, first, a large
number of initial power scenarios were generated by Latin hypercube

3000y
- Interaction power
I wr
[ v
2500 —
CJrc

— Equivalent load

S}
[=3
(=3
j=)

Power(kW)
9
S

(=3
(=3
(=)

500

FIGURE 6 | Day-ahead Optimization results.

sampling (LHS). Then, based on the similarity of each scenario, the
initial scenarios were reduced by employing the backward reduction
algorithm (Wang et al,, 2015). Finally, a set of loads and renewable
energy output scenarios was obtained, as well as corresponding
probabilities. Considering that the outputs of WT changes more
dramatically (Liu J et al,, 2021), the number of WT output scenarios
after the reduction was 6, and the number of PV output and load
scenarios was 5, with a total of 150 scenarios. Figure 4 shows the
results of scenario generation and the reduction of the WT output.

Figure 5 shows the allocation result of the batch workloads of the
DCMG system. The interactive workloads in each period need to be
served immediately, while the batch workloads allows flexible
scheduling. It can be seen that the batch workloads are allocated
to the period with the lowest electricity price (23:00-7:00) as far as
possible.
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The day-ahead optimization dispatch plan of each device in the
DCMG system is shown in Figure 6. For the convenience of
analysis, the concept of “equivalent load” in the figure was
derived from Eq. 10. The equivalent load is equal to the sum of
the load and the charging and discharging power of ESS. It can be
seen from Figure 6 that the output of each unit in the DCMG system
satisfies the power balance constraint. Because the output power of
WT and PV is limited by the installed capacity, it only accounts for a
small part of the load demand. When the electricity price is at the
peak, MT and FC are the main power supply sources. In the valley
period of electricity price, since some batch workloads allocated to
these periods are to be served and ESS works in the charging state,

the proportion of electricity purchased from the main grid increased
obviously.

0.9 ‘

P — SMPC
0.8 F[l \{q-‘ —— Day-ahead |
0.7 \‘jr

(=} (=]
N [=))

Power(kW)

—
—

g

i
N P/
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Time step

FIGURE 10 | Comparison of SOC.

The SOC of ESS is shown in Figure 7. The variation of SOC is
maintained within the set range of 0.1-0.9, and SOC satisfies the
balance at the beginning and end of the dispatch cycle. It can be seen
that ESS is arranged to charge in the valley period and discharge in
the peak period, which achieves the “peak-to-valley arbitrage” and
improves the economy of system operation.

4.2.2 Intra-day Rolling Optimization Results

The intra-day rolling optimization period is 1 h, and the time step
is 5 min. The number of rolling optimization in 1 day is 288. After
the intra-day rolling optimization and adjustment, the actual
outputs of MT, FC, and ESS are shown in Figure 8. In order to
ensure that the interaction power between the DCMG and the
main grid can effectively track the day-ahead plan value, the
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TABLE 3 | Comparison of operating costs.

Comparison items Total cost/ ¥
Day-ahead 22,794
No-SMPC 21,873
SMPC 19,764

intra-day optimization scheduling revises the day-ahead outputs
of controllable devices to a certain extent.

Figure 9 shows the results of the interactive power with the
main grid in different cases. In actual operation, if the rolling
optimization is not applied, the power fluctuations caused by the
prediction error of uncertain factors are all compensated by the
main grid. It can be seen from Figure 9 that the interaction
power curve without rolling optimization fluctuates sharply
near the planned value, resulting in poor stability and
security when the DCMG is connected to the main grid.
However, the interaction power curve after SMPC-based
optimization is basically consistent with the day-ahead
planned curve.

The comparison results of the SOC value between the actual
value and the day-ahead plan value are shown in Figure 10. It can
be seen that ESS can track the SOC curve of day-ahead plan well
during the intra-day actual operation. According to Figures 9, 10,
the SMPC-based optimization method proposed in this article
can deal with the influence of uncertain factors and ensure the
stability and security of the data center in actual operation.

Table 3 compares the total operating costs of the DCMG
system under different scheduling strategies. It can be seen that
the cost of the SMPC-based dispatch decreases more than the no-
SMPC dispatch, which shows that the SMPC-based optimal
dispatch strategy considering the batch workloads can reduce
the operation cost and improve the economy of the DCMG
system.

5 CONCLUSION

In order to futher improve the operating economy of the data
center and reduce the adverse effects casued by the uncertainty of
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