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Introduction
q Power imbalance and demand response in today’s grids

Solution

• Demand response

Fig. Actual peak demand savings in US (13,036 MW in 2015)

According to FERC
• Most untapped DR potentials
• over 45% in 2019.

• Power imbalance issue

• Residential DR



Introduction
q DR of residential ACs

• PID
• Fuzzy logic
• ANN

Inverter AC

• On-off

Single-speed AC DR-enabled inverter AC
• Model predictive control (MPC)

WeatherOccupancyReal-time prices

q Research aim

• Why Residential ACs? Major contributors of home electricity bills (31% in HK)

• Research gaps
1) Single-speed ACs with on-off control method

2) DR control method: temperature set-point reset

Conventional grid Smart grid

To use the MPC method to directly control the operating frequency of inverter AC 

making it respond to RTP and reduce electricity bills.

• Roadmap of ACs and control methods



Methodology
• Main idea

Use system model to predict the future evolution of the system and make some 
preparations in advance

Controller System
Input Output

Measurements

Reference

Optimizer System

Constraints

Output

Measurements

Reference

Model Objective

Input

• Classic local controller VS MPC

vs

• Target system under conventional PID control

Integrated system



Methodology
• Framework of the whole implementation of MPC



Methodology --- offline system model development
q Room thermal model
Ø Grey-box room thermal model  (Electric circuit analog)

Ø ODE form Ø State space form

System state 𝑇 = [𝑇$,&' 𝑇$,() 𝑇( 𝑇*],; 

Input vector 𝑢 = 	𝑄0123; 

Disturbance vector 𝑑, = [𝑇5 𝐼7589: 𝑄();&:],



Methodology --- offline system model development

Residential building in Hong Kong  (L×W×H: 4.8m×3.6m×3m; WWR = 0.2)

Ø Identify a room built in TRNSYS (Transient System Simulation Tool )

Ø Comparisons between data from TRNSYS and RC model



Methodology --- offline system model development
Ø Identification results

𝐴= = 10@A
90.892	 7.4638 0.0258 0.0017
7.4638 91.788 0.6167 0.0609
0.1783 4.2554 77.841 16.488
0.0005 0.0169 0.6642 99.313 K×K

; 𝐸= = 10@K
161.73 0.4320 0.0012
6.9864 0.0174 0.0429
123.71 0.0006 11.629
0.4844 0.0036 0.0553 K×N

;

𝐵= = 10@P(0.0032 0.1152 31.236 0.1224),; 𝐶= = (0 0 1 0).

• Prediction interval: 5 mins

Ø Matrices in the discrete-time state-space model 

Cw = 8,824,348 J/K    Ci = 897,814 J/K      Cm = 11,795,855 J/K

Rwin = 0.0042 K/W     Rw = 0.0183 K/W Rw,o = 0.0020 K/W Rw,i = 0.0021 K/W    Ri,m = 0.0045 K/W

fsolar,w = 0.4601           fsolar,m = 0.0043        finter,i = 3.652               finter,m = 0.3115.



Methodology --- offline system model development
q Inverter AC model

i.e.  Q = f(Ncomp,Tout,Tin)     COP = f(Ncomp,Tout,Tin)

Ø Objectives

Ø Issues     Lack of enough experimental data 

Ø Solution     Physical modeling of inverter-driven ACs

Performance maps of inverter-driven ACs (control-oriented)

Obtain steady-state performance data under a range of operating conditions



Methodology --- offline system model development
• Physical component-wise model of inverter ACs

𝑚̇V5*W = 	𝑁V5*W𝑉V5*W𝜌()𝜂\58
ℎ5^; = 	ℎ() + _

`abcd
(ℎ5^;,(7&) - ℎ())

	𝑚̇ee1 = 	𝐶=𝐴\ 𝜌()(𝑃() − 𝑃5^;)
�

ℎ5^; = 	ℎ()

Ø Heat exchangers (Moving boundary 
method) 

𝑚̇&',5 = 	 𝑚̇&',(

ℎ&',5 = ℎ&',( + 𝑄:&j,9(: 𝑚̇&',(⁄

Ø Compressor

Ø EEV

Ø Schematic diagram

Expansion 
Valve

Compressor

Condenser

Evaporator

Fan

Fan
Qin

Qout

12

3 4



Methodology --- offline system model development
• Identification of a typical inverter AC

Ø Typical operating conditions

Nty = [20, 30, …, 100]  Hz

Tout,ty = [23, 26, 29, 32, 35, 38] ℃

Tin,ty = [21, 24, 27, 30, 33, 36] ℃

Ø Main specifications



Methodology --- offline system model development

*Gayeski NT. Predictive pre-cooling control for low lift 
radiant cooling using building thermal mass: 
Massachusetts Institute of Technology; 2010. 

§ Simulation results

§ Comparison with experimental data (40 sets*)



Methodology --- online model predictive control
q Prediction/preparation of exogenous input variables

• Real time electricity prices

• Weather conditions 

• Occupancy

Hong Kong observatory

Pre-defined

Fig. Daily RTP profiles in the ERCOT retail market on the typical days of June 2016.



Methodology --- Online model predictive control
• Dynamic power thresholds using historical RTP database

Fig. Probability and cumulative 
probability distributions of RTPs in the 
ERCOT retail market in June 2016.

Ø “Price-to-PowerThreshold” model based on RTP



q Optimization problem formulation

Ø Notes:

1) Prediction interval:     5 mins; 

2) Prediction horizon:   2 hour (N = 24)

3) Solver:                      CPLEX by IBM

I. Conventional  MPC without DR II. MPC-based DR controller

Methodology --- online model predictive control



• Schematic diagram of online 
MPC for inverter ACs



Test results
• A TRNSYS-MATLAB

co-simulation testbed

• Test conditions



• System performances using conventional PID control

Test results



• Conventional MPC controller without DR
Test results

Main advantages:
• Improve the 

thermal comfort at 

the beginning of 

occupancy

• Reduce the total 

energy use



• MPC-based DR controller
Test results

Main advantages:
• Improve the 

thermal comfort at 

the beginning of 

occupancy

• Reduce the total 

energy use

• Reduce peak

power demand

• Reduce electricity

costs



• System performance comparisons

Test results



Conclusions
q Contributions:
• A simple-structured grey-box room thermal model is developed, linearized, discretized

and identified.

• We develop the steady-state physical model of inverter AC and generate the performance

maps of it for fast online applications.

• A conventional MPC controller without DR function is developed and tested. Compared

with PID control, the conventional MPC controller without DR function has major

improvements in thermal comfort at the beginning of occupancy and total energy saving.

• A MPC-based DR controller is designed and tested. When RTP is taken into

consideration, the MPC-based DR controller for inverter AC has great improvements in

both peak power reductions and electricity cost reductions. Compared with the

conventional MPC controller, the MPC-based DR controller is not only energy-efficient but

also more grid-friendly and cost-efficient.
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