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Baseline MPC for Buildings: 
 

 

 

 

 

 

Flexibility-Aware MPC for Buildings: 

Proposed Architecture:  

 

 

 

 

 
 

 

Experimental Results: 

 
 

 

 

 

 

 

 

 

 

 

 
 

Simulation Results: 

 

 

 

 

 

 

 

 

 

 

 

 

There are 4.9 million commercial buildings in the US with a total area of about 72 billion 
sq. ft. We estimate that at least 11.4 GW of fast ancillary service is readily available at 
almost no cost, based on the 2003 data. Commercial building floor space is expected to 
reach 103 billion sq. ft. in 2035. With the same assumption of the above calculations, about 
16.3 GW of regulation reserve will be available in 2035.  

Sutardja Dai Hall on UC Berkeley 

campus variable speed fans, with 

power consumption with the 

maximum rated power of 134 KW 

or about 14% of the maximum 

power consumed in that building.  
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Motivation: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Problem Statement:  
Increasing penetration of renewable energy sources, poses management, economic and 

technical challenges to utility companies and is jeopardizing the stability of the grid. 

Idea: Demand-side flexibility of commercial building HVAC systems for supply-following. 

Abstract: We first propose a means to define and quantify the flexibility of a commercial 

building. We then propose a contractual framework that can be used by the building 

operator and the utility to declare flexibility on one side and reward structure on the other 

side. We then design a control mechanism for the building to decide its flexibility for the 

next contractual period to maximize the reward, given the contractual framework. 

Finally, we perform at-scale experiments to demonstrate the feasibility of the proposed 

algorithm.  

Fig. 2. Schematic of the proposed architecture for contractual framework.

zones, are defined by:

Xk := { x | T k ≤ x ≤ T k } (19)

Uk := { u | Uk ≤ u ≤ Uk } (20)

where T k , and T k are the upper and lower temperature limits

and Uk , and Uk are the upper and lower feasible air mass

flow at time t . Therefore, the feasible set of (18) is closed

and convex. The objective function is also convex on w, as

the max is over variable w. In fact, w does not appear in

the cost function. The objective function is a linear function

on w and hence it is concave. We also consider a linearized

state update equation as follows:

x t + 1 = Ax t + B ut + Edt (21)

the nonlinear system dynamics has been linearized with the

forward Euler integration formula with time-step τ = 1 hr.

Hence, the min-max problem (18) is equivalent to:

min
u t ,Φ t + 1

H m − 1

k = 0

Chvac(ut + k ,πt + k ) − R(Φt + k + 1 , Bt + k + 1)

(22a)

s. t.: x t + k + 1 = f (x t + k , ut + k + ϕ
t + k

, dt + k ) (22b)

∀k = 0, ..., H
m
− 1

x t + k + 1 = f (x t + k , ut + k + ϕ t + k , dt + k ) (22c)

∀k = 0, ..., H
m
− 1

ϕ t + k ≥ 0, ∀ k = 1, ...H
m
− 1 (22d)

ϕ
t + k

≤ 0, ∀ k = 1, ...H
m
− 1 (22e)

x t + k ∈ X t + k ∀ k = 1, ..., H
m

(22f)

x t + k ∈ X t + k ∀ k = 1, ..., H
m

(22g)

ut + k + ϕ
t + k

∈ Ut + k ∀ k = 0, ..., H
m
− 1 (22h)

ut + k + ϕ t + k ∈ Ut + k ∀ k = 0, ..., H
m
− 1 (22i)

Minimization Problem

The argmin of the optimization problem (22) is the nom-

inal power consumption, u∗t + k , and the maximum available

flexibility, Φ∗
t + k , ∀ k = 0, ..., H m − 1. The building declares

u∗t + k , and Φ∗
t + 1+ k for the time slots: ∀ k = 0, ..., H c − 1

to the utility. After H c time slots, the BEMS collects the

updated parameters such as new measurements and distur-

bance predictions, and sets up the new MPC algorithm for

the time step k = H c, H c + 1, . . . , H c + H m − 1, and solves

the new MPC for this time frame and uses only the first H c

values of baseline power consumption and flexibility, i.e. for

k = H c, . . . , 2H c − 1, and this process repeats.

Fig. 2 shows the schematic of the entire system archi-

tecture. The solid line power flow arrows correspond to the

baseline system and contract. The ancillary power flow via

the flexibility contract is shown with dashed line arrow.

Real-time state of the system such as occupancy, internal

heat, outside weather condition, building temperature, state

and input constraints are passed as input to the algorithm.

The utility also communicates information such as per-unit

energy and upward and downward flexibility prices to the

BEMS (or effectively to the algorithm). The output of the

algorithm includes baseline power consumption, downward

flexibility and upward flexibility values, and cost. Within the

flexibility contract framework, this information is communi-

cated to the utility. Consequently, a flexibility signal st is

sent from the utility to the building to be tracked by the

HVAC fan. Essentially, the utility has control of the building

consumption for the next H c time slots. The control strategy

is actuated by sending flexibility signals (similar to frequency

regulation signals). These signals can be sent as frequently

as every few seconds. In fact, we show through experiments

on a real building in Section V, that buildings with HVAC

systems equipped with variable frequency drive (VFD) fans

are capable of tracking such signals very fast (e.g. within a

few seconds).

IV. COMPUTATIONAL RESULTS

The algorithm presented in Section III-C was implemented

on a building model developed and validated against histor-

ical data in [4], [6]. We used Yalmip [8], an interface to

optimization solvers available as a MATLAB toolbox, for

rapid prototyping of optimal control problems. The non-

linear optimization problem solver Ipopt [9], was used to

solve the resulting nonlinear optimization problem arising

from the MPC approach. We use sampling time of τ = 1 hr .

We assess the performance of the algorithm for the following

scenarios.

Scenario I: Different reward rates have been considered

for upward and downward flexibility at each time step.

In particular, downward flexibility is rewarded more than

upward flexibility (β > β), for most of the time. Since

MPC maintains the comfort level using the least possible

amount of energy, buildings that are operated under nominal

MPC such as (1) have no down flexibility (for extended

period of time, i.e. 1 hr or more). However we show that via

proper incentives and by solving (22), it is possible to provide

downward flexibility when most needed. The results of this

scenario are shown in Fig. 3 for the case when ancillary

signals are received from the utility every minute: no system

constraint (e.g. temperature being within the comfort zone)

will be violated when the fan speed enforcement is performed

for arbitrary values of fan speed as long as fan powerFig. 3. Scenario I: The Per-unit energy rate, and upward and downward
flexibility reward are shown in the lowest figure. The middle figure shows
the resulting flexibility at each time, and the top figure shows the resulting
room temperature. Flexibility signals are sent every minute from the utility
to the building.

consumption, and consequently fan speed is within the safe

envelope calculated by the algorithm. It is shown in Fig. 3

that maximum flexibility (100%) is provided at times when

the room temperature is far from the boundaries of the

comfort zone. The flexibility decreases as the temperature

of the room approaches the comfort zone boundary, and is

minimum (about 0-15% in this case) when room temperature

is fairly close to the boundaries of the comfort zone, and the

reward for flexibility is not high enough.

Scenario II: In this scenario we test the algorithm when

no reward for providing flexibility is provided (i.e. β =

β = 0). Results are shown in Fig. 4. In this case the MPC

”selfishly” uses the thermal capacitance of the building to

minimize energy cost. This case yields to an MPC policy

similar to nominal MPC (1). As expected, the resulting

flexibility is very small throughout the day.

Scenario III: In this case, the amount of reward to the

building for upward and downward flexibility is the same as

Scenario I. Furthermore, the BM is encouraged to provide

equal upward and downward flexibility as long as possible.

This requirement has been enforced by adding an extra

penalty term to the cost function as follows:

cost := cost + γT
t .|ϕ t − ϕ

t
| (23)

where γ 0 is a constant, and |.| returns the absolute value

of its argument. Larger value of γ makes the equality of

upward and downward flexibility to hold for a longer period.

However, in this case, we lose the guaranteed maximization

of the economic benefit of the building due to the newly

added term in the cost function. Fig. 5 shows the result for

this scenario. Maximum flexibility (100%) happens during

Fig. 4. Scenario II: In this case we consider β = β = 0. This results
into a performance similar to the one of the nominal MPC (1).

unoccupied hours and when the reward for flexibility is high.

In this case minimum flexibility is 0% and it happens during

6 to 7 am, 9 to 10 am, and 12 to 1 pm. The room temperature

is close to the comfort-zone boundary. The per-unit price of

electricity is high, and the reward for upward and downward

flexibility is very small. Hence, the algorithm provides no

flexibility at these time periods. In Fig. 5 the frequency

of flexibility signals is 1 hr. By picking a large value for

the period of flexibility signal arrivals, we show that no

system constraint will be violated when the fan speed is

constrained even for long time periods, as long as the fan

power consumption and consequently fan speed is within

the safe envelope calculated by the algorithm.

V. EXPERIMENTAL RESULTS

A. Tracking Ancillary Signals by VAV-equipped Fans

We ran some experiments to demonstrate that it is indeed

feasible to track the flexibility signals received from utility

(sk : where el
k ≤ sk ≤ eu

k ) very fast. We run our experiments

in a new building constructed four years ago (2009) on

the UC Berkeley campus named Sutardja Dai Hall (SDH).

It is a 141,000 square-foot modern building that houses

several laboratories, including a nanofabrication lab, dozens

of classrooms and collaborative work spaces. It contains a

Siemens building management system called Apogee [10]

which is connected to an sMAP server [11] co-located with

the Apogee server. We run our experiments using a control

platform built on sMAP, whereby control points are set

programmatically upon approval from the building manager.

The energy data of this building is stored in the cloud and

is accessible to the public at [12].

The BEMS of the experiment set up is shown in Fig. 6.

There are two sets of 9 fans namely AH2A and AH2B with a

• Total primary energy consumption in the world increased from 400 Quadrillion Btu in 

2000 to 510 Quadrillion Btu in 2010. 

• Sustainable energy future requires significant penetration of Renewable Energy Sources 

(RES) 

• RES (e.g. wind, solar) inherit variability i.e. volatility, uncertainty, and intermittency. It 

is a challenge to integrate RES into the power grid at large scale. 
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Why Commercial Buildings? 
1) Commercial buildings account for more than 35% of electricity consumption in the US.  
2) ~ 30% of commercial buildings have Building Energy Management System (BEMS) 

technology which facilitate communication with the grid for providing flexibility.  
3) Majority of these buildings are equipped with variable frequency drives, which in 

coordination with BEMS, can modulate the HVAC system power consumption 
frequently (in the order of seconds). 

Objective: minimize total energy cost 
Constraints: System dynamics, state 
and input constraints 
Given: Predictive cost of energy, 
predictive disturbance information 

- Define and quantify flexibility of 

commercial building power 

consumption.  

- Contractual framework for the 

building and the utility to declare:  

     1) flexibility     2) reward structure  

The solid line power flow arrows correspond to 

the baseline system and contract. The ancillary 

power flow via the flexibility contract is shown 

with dashed line arrow. 

Theorem: 
Let C be a closed 

convex set and let 

f : C → R be a 

convex function. 

Then if f attains a 

maximum over C, 

it attains a 

maximum at 

some extreme 

point of C. 

Scenario I: The Per-unit energy rate, and upward and downward flexibility 

reward are shown in the lowest figure. The middle figure shows the resulting 

flexibility at each time, and the top figure shows the resulting room temperature.  

Scenario II: In this case we consider  =  = 0. This results into a 

performance similar to the one of the nominal MPC 

Fan power consumption can vary as quickly as in a few seconds by up 

to 25% by changing the SDSP setpoint. 

SDSP setpoint, outside air temperature, and temperature of 15 randomly 

selected rooms are shown for one day before (May 16, 2013) and the day 

of the experiment (May 17, 2013). 

Example: Renewable energy generation capacity in Germany. 

Control mechanism 

for the building to 

decide its flexibility 

on the fly 

while:  
• Maximizing economic 

benefit of the building. 

• Guaranteeing thermal 

comfort of the building. 

 

Nonlinear 

Optimization 

Problem  
 

Solved by: 

IPOpt. 
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