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My Background

Energy
Mechatronics

Energy-Themo
Fluids

(Thermodynamics,
Combustion, HVAC,
Renewables,...)

Controls
(Sliding Mode, Model
Predictive, Adaptive
Control, Modern
Control, ...)

Experimentation
(Thermal-Mechanical-
Electrical Systems,
Control Software,
Electronics,...)
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Research at Michigan Tech

Focus: Increasing efficiency of energy systems
through utilization of advanced control techniques
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EML Students
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Part ll: Control of building energy systems

O Modeling of building energy systems
O Predictive control of building HVAC systems

0 Building-to-grid optimization



Building Research Test Bed

milech,
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HVAC System at Lakeshore Center
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HVAC System at Lakeshore Center
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Building Thermal Modeling-RC Model
e

Lakeshore Center - 1st Floor

Time: 11:26 PM 3/28/13 EDT
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RC Model

ing-

Building Thermal Model
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Building Thermal Model

18
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Maasoumi, Shahbakhti, et. al
2013 ASME DSC Conf
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Building Thermal Model
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Parameter Adaptive Building (PAB) Model
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Modeling: 21
Photovoltaic Single Diode Modeling

Photo credit: Michigan Tech’s Keweenaw Research Center
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Modeling:

Photovoltaic Single Diode Modeling
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Exergy vs. Energy

d

d

The 1% Law of Thermodynamics is related to energy conservation

The 2" Law of Thermodynamics concerns entropy generation and
irreversibility which cause deficiency

Exergy is based on the 1% and 2"¥ Laws of Thermodynamics and is relevant
to quality of energy

Exergy is defined as the maximum useful work during a process in a specific
environment

Exergy is a more precise metric compared to energy to evaluate energy
systems. (e.g. HVAC systems, IC engines, power-plants, etc.)



Exergy vs. Energy
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The 1
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Building Exergy Model
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Building Thermal and Exergy Model

R TTTnmnneteeetheesssssseese
dy = Q(Q’rad@ (f), Qint(t)? TDHt(t))

S.Ct = f(.il?h U, dt, t)

Nonlinear System Dynamics
yr = Cay (Bilinear due to Inputs multiplication)

Discretized System Dynamics

f o Agay + Bauy, + Ead;, kE[Sj 6,..., 18]
LT\ Az + Boug + Ende ke[19,...,24.1,....5]

7

Input: Supply air temperature
States: Room air temperature & neighboring zones temperature
Output: Room air temperature
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Part ll: Control of building energy systems

0 Modeling of building energy systems
0 Predictive control of building HVAC systems

0 Building-to-grid optimization



xisting HVAC Control Logics

g i

o

PID

On-Off

28



Model Predictive Control of HVAC Systems
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M. Razmara, M. Shahbakhti, et. al., " Optimal Exergy Control of HYAC Systems ", Journal of Applied Energy, 2016.
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MPC formulation

Rule-based controller (RBC)

Controllers: Energy-based MPC (EMPC)
Exergy-based MPC (XMPC)

. _ 24

EMPC:  minf(|L[s + p([&]1 + \Et\l)}l I — f [P.(t) + Pa(t) + Py(1)] dt
t4€; =il

subject to: P.(t) = T, (t) — Te(t)]

) = 15 (
Li+k+1|t — A$t+k|t + But+k|t + Edt+k|t Pr(t) = i (1)
) .

Yt+k|t :\ O$t+k|t
Uy jje < Upykje U

oU < Utt+k+1]t — Ut+k|t <ol

Lo kpe = Skt < Ykt < Tekjt + Setrfe

§t+k|t:gt+k|t >0

XMPC: 11in {Xdestt + p([€e|1 + |€]1)}

Ut s€,€



Results: Rule-Based Control vs. MPC
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Results: Exergy-Based MPC (XMPC)
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M. Razmara, M. Shahbakhti, et.al., " Optimal Exergy Control of HVAC Systems ", Applied Energy, 2015.
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Results: Comparison Table
R TTTmmmmhnteeeseesssseessse

Controller | Exergy destruction Energy consumption | Reduction in exergy destruction® 'Reduclion in energy consumption® I
type [EWh] [kW h] w/t to RBC [%] l w/t to RBC [%] I
XMPC 2.7 4.2 22 = 36 :
EMPC 2.8 4.6 18 ' 24 I
RBC 33 57 [

(xg— X)

*Saving percentage is calculated by , where X is result of RBC controller.

M. Razmara, M. Shahbakhti, et.al., " Optimal Exergy Control of HVAC Systems ", Applied Energy, 2015.
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Part ll: Control of building energy systems

0 Modeling of building energy systems
0 Predictive control of building HVAC systems

0 Building-to-grid optimization



Motivation: Rapid renewable penetration and ramp rate 35

during peak hours
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Demand Response via B2G system with PV panels and 36
energy storage system (ESS)
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Building load and ramp rate controls
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M. Razmara, M. Shahbakhti, et.al., " Building-to-grid Predictive Power Flow Control for Demand Response and Demand Flexibility Programs ", Applied Energy, 2017.



Probability of providing benefits from proposed bidirectional 38
B2G controls based on Monte-Carlo simulations
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M. Razmara, M. Shahbakhti, et.al., "
Building-to-grid Predictive Power
Flow Control for Demand Response
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Ramp-down reduction (%) Applied Energy, 2017.
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Summary (l)
R Tmmmmnmmnmettneeseeseeessssseesse

0 Model-based predictive control for buildings

O requires an accurate dynamic model of buildings and
renewable sources =2 Parameter Adaptive Building Model;

O can optimize HVAC system performance by integrating
system dynamics;

O can achieve 36% reduction in energy consumption in
building HVAC systems, using exergy-wise MPC.



Summary ()

I
0 Bi-directional building-to-grid (B2G) optimization

O can help the power grid to employ the flexibility of
buildings HVAC system to prevent problems such as duck-
curve, over generation, and intermittent production;

O can reduce monthly electricity costs 5-42%, compared to the
unoptimized rule-based control;

0 can help to reduce load ramp-rate by 30-70% in buildings



Part lll:
Control of Powertrain
and Hybrid Electric
Vehicles
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Part lll: Control of automotive energy systems

O Model-based control of advanced IC engines
0 Predictive control of hybrid electric vehicles

0 Control of connected and automated vehicles
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Engine Experimental Setup

E-Motor VFD
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Engine Experimental Setup
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Dynamic Model of RCCI Engines

Predicts cycle-by-cycle combustion phasing and load
]
* Phenomenological Model * Dynamic Model

[ Fuel| intake

injection;

Exhaust

<DIp

Autoignition
Pockets

Intake Exhaust

H
H
H
H
H
H
H
H
H
H

valves valves
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Combustion ° ‘
Bz BDC | | '
&B E 9] 3 Distributed TDC | | BDC TDC |
SE[|]EE  descrnue VO VG EVO EVC
S ® = ignition | | | |
SE||TE  cemes | | | | | |
23T
3
w
soc do E
f R e vopmiie g : e
sol ( Pue 1;kc)
N Az (@p B2t + @ppB2prr) exp 2 =)
(CNmix + b) TIVCVC ¢
T
sor do
f — R
ve B G (P we Vcc) -
AN @ prexp( P )
wcVe
* K. Sadabadi, M. Shahbakhti, A. Bharath, and R. Reitz. “Modelling of Combustion * K. Sadabadi, M. Shahbakhti, " Dynamic Modeling and Controller Design of Combustion Phasing of an RCCI

Phasing of an RCCI Engine for Control Applications.” Int. J. of Engine Research, 2016. Engine ", ASME Dynamic Systems Control Conference, 2016.


http://proceedings.asmedigitalcollection.asme.org/proceeding.aspx?articleid=2604453&resultClick=3
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Natural gas-diesel RCCI Engine Controller

State-Space Representation
EE e ——————
Xier1 = [ (X, ug, dy) - :
Vi+1 = 9 Xi, g, dy)

0 States

X =[CAS0 Tgor Psoc Trg Meycl

0 Control inputs
u = [PR,SOI, FQ]

0 Disturbance

d = [Tnan]
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RCCI Engine Controller

Block Diagram
1
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Experimental Control Results
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Summary >0
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Part lll: Control of automotive energy systems

0 Model-based control of IC engines
O Predictive control of hybrid electric vehicles

0 Control of connected and automated vehicles



Motivation

Electrified multi-mode powertrain for best fuel conversion efficiency

* Sl mode is more efficient
in the high power region.

e RCCI mode is more efficient

in the medium power region.

* HCCI mode is more efficient
in the low power region.

-—TTTT T T T 7T
0 500 1000 1500 2000 2500 3000 3500 4000 4500

Speed (RPM)

BSFC (g/kWh)
205.0

216.5
228.0
239.5
251.0
262.5
274.0
285.5
297.0
308.5

320.0

lEIectrificaﬁon helps to utilize the best engine points and minimize engine transients!
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Design of Hybrid Electric Powertrain Testbed
]

HV Battery Pack

Battery
Charger

Model-based Controller

Emotor
Inverter
dSPACE e\
MABXII

User Interface

—— —— e — —— —————————— ——— —— — — —— —

Electric PwertrainLayout
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Multi-Mode Electrified Experimental Setup




HEV Models for
Optimization
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Design of Optimal Control for Multi-Mode
Hybrid Electric Vehicle

Cost Function: T

() = [P

0

|SOC; — SOCy| < 0.01

Hard Constraints:
0.3 < S0C(t) < 0.7

Pbat,min < Pbat(t) < an,t.maas

Peng.min(weng) < Peng(t-, Weng) < Peng,maz(weng)

weng,min < weng(t) < wengvmal'
0 < Pootor(t) < 100 KW
0 < Whnotor (1) < 8000 RPM

Temp exh (Weng.mz'n-, Tengmu’n) 2 300 °C

Weng é\ 1500 rpim ’Uc Vvueh. g 4O'lbm/h
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Analysis for Parallel Architecture

BSFC (g/kWh)

. 140 140 205.0
* In the PHEV, the multi-mode -
LTC-SI engine has less =120 % 2280
advantage compared to the Z 100 Z 100 -
mild HEV due to availability of g . g w0 2625
. - 1 -
higher electric power for s ® 2740
. . . S 604 S g0 285.5
locating the engine operating 5 5 57
points in high power Sl regions 404 404 3085
T T T T T T T T 3200
1000 2000 3000 4000 1000 2000 3000 4000
Engine Speed (RPM) Engine Speed (RPM)
b) HWFET . .
b1) PHEV bz) Mild HYbrld BSFC (g/kWh)
140 s 140 - 205.0
sl ’ 2165
120+ 120+ 2080
g s 2395
=4 zZ ;
g 1907 o 1001 251.0
[) © 74.
Source: A. Solouk, M. S 604 S 60 2855
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LTC-HEV Results )

* REx (Series) Architecture:

UDDS HWEFET

15% 15%

10 % 10 %

5%

5%

Improvement over Single-lode S|
Improvement over Single-\Mode S|

* The REx platform provides the higher fuel saving for the multi-mode LTC-SI, compared to the parallel hybrid electric

platform. SAE Papers 2016-01-2361; 2017-01-1153
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Energy Management/Control of a Hybrid electric

Vehicle by Incorporating Powertrain Dynamics
—

1500 2000 2500 3000 3500 4000 4500
Engine Speed (rpm)

lectronic Signal  +++-----

Power Flow

Source: M. Bidarvatan, M.
Shahbakhti, ASME Dyn Sys Citrl
Conf., 2014.
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Combined UDDS+HWFET Drive Cycle Results
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Part lll: Control of automotive energy systems

0 Model-based control of IC engines
0 Predictive control of hybrid electric vehicles

0 Control of connected and automated vehicles



Motivation: V2X data can tell us about future

power demand for vehicle controls
—

| By 2021, all the vehicles sold in US will be connected vehicles!
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NextCar:

Projection of energy consumption reduction
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NextCar: Real-time optimal (i) route selection, (ii) vehicle 5 modes
selection, (iii) speed trajectory, (iv) ICE/motor torques/speeds
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NextCar: Real-time optimal (i) route selection, (ii) vehicle 5 modes
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Concluding remarks (1)

Canada Energy Consumption
by End Users

Greenhouse Gas Emissions

Agriculture .
3% Transportation
Transportation 24%
30% Others
Industry 38%
40%
Buildings
12%
Buildings Oil & Gas

Data source: Environment Canada 2017; NRC 2016-2017



69

Concluding remarks (1)

Model-based Control of
Building and Automotive Energy Systems

,, l l

Building Building to Advanced Hybrid
Energy Control Grid Integration IC Engines Electric Vehicles
24-36% 5-42% upto 15% 6-17% 6-20%
Energy Elec. Cost Energy Energy Energy

Saving Saving Saving Saving Saving
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