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Abstract

In this paper, an islanded microgrid is modelled as a linear multivariable dynamic system. Then, the multivariable analysis tools
are employed. The generalized Nyquist diagram and the relative gain array are used respectively for the stability assessment and
solving the paring problem among the inputs and outputs. Droop control dependency on the X/R ratio of the microgrid DERs is
recognized and its type is proposed using the relative gain array concept. Robust stability, nominal performance and robust
performance requirements are evaluated in order to a better understanding of the system dynamics. Finally, three different

controllers including H _ , H , and sequential proportional-integral-derivative controls are designed and compared.
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1. Introduction

With the advent of small-scale power plants in the vicinities of distribution systems, some issues like huge losses
related to bulk fossil power plants and transmission lines [1-3], construction cost of large generation units,
dramatically decreased [4]. On the other hand, a number of environmental benefits such as clean and green
environmentally advantages of distributed energy resources (DERs), are the other promising solutions of small-scale
power plants and distributed generations (DGs) [5]. These new micro power plants, known as microgrids, can be
connected or islanded from the legacy grids. Their improved efficiency, reliability, utilization of clean and various
renewable energy resources, and expandability have been gained popularity of these networks more and more [6].
However, different dynamic properties of such systems, impressed the power system dynamics totally, and has
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raised some crucial considerations at the integration of DGs with various energy resources [7]. Distributed
generations with DC-output, e.g., PV arrays, energy storage elements and fuel cells, are generally connected to the
AC microgrid distribution network by grid interface converters [8] such as voltage-source converters (VSCs). All of
these cause some challenges in control and stability of microgrids, especially during islanded operation mode due to
low or no inertia, nonlinear and wrapped dynamics, intermittent wind power and photovoltaic outputs, etc. [9].

The above mentioned issues motivate researchers to figure out detailed models of microgrids and DGs. Currently,
surveys of the microgrid modelling and stability are mostly focus on the mathematical analysis and modelling of the
microgrid to improve stability. Detailed consideration is paid to the small signal and transient stability analysis [10—
16].

However, due to the intermittent nature of DERs and their uncertainties, it has encouraged many of researchers to
design controllers based on the robust control strategies as powerful methodologies to achieve robust stability and
performance in the presence of uncertainties [17]. Robust control strategies guarantee robust stability and provide
desired performance specifications such as excellent transient response and zero steady-state error despite any type
of un-modelled uncertainties in the system dynamics and possible perturbations and distortions [18].

This paper presents multivariable robust control strategies based on H  and H» theorems for two connected VSC-

coupled DG units that simultaneously supply a resistive load in the islanded operation mode. The mathematical
equations of the studied system develops a dynamic model of two DERs and their common load in dq rotating frame,
and presents a systematic approach for system recognition from the controllability and observability point of view.
Also, for the obtained dynamic model, the generalized Nyquist stability criterion, and input-output sets selection are
outlined. Finally, in order to enumeration of robust stability and performance needs, a standard control framework
for robust control synthesis considering both structured an unstructured uncertainties are represented.

The rest of this paper is organized as follows. Section 2 presents the microgrid modelling using Park
transformation. In Section 3, microgrid analysis as a multivariable system is presented. The uncertainty
determination is presented in Section 4. In section 5, robust stability and performance requirements are given, robust
H_ and H, controllers are designed and some simulations are performed.

2. Microgrid modelling using Park transformation

The schematic block diagram of the considered microgrid is depicted in Fig. 1 (a). In order to find a linear model
of the microgrid, each DER is considered as a VSC with a static dc link, and the VSC is modeled by a controllable
three-phase sinusoidal voltage source. The VSC output filter, transformer and line between the VSC and point of
common coupling (PCC) are modeled by an equivalent inductance and an equivalent resistance. The load is
considered as a common resistive in the PCC. Fig. 1 (b) shows the equivalent single-line diagram of the microgrid.

In order to find a linear time invariant (LTI) model of the microgrid, the most commonly method is converting the
three-phase circuit equations to the dgq0 frame using Park transformation [19-22]. Park transformation converts
three-phase voltages and currents to their dgO components, respectively. This transformation can be represented as

follows:
cos(0) cos(ﬁ—z—”j cos(6’+2—ﬂ)
3 3
fs 2 2 2 F.
f, |==|—sin(0) —sin[é’——”j —sin(6’+—”j f, 1, (1)
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Fig. 1. Microgrid case study; (a) configuration, and (b) Single-line diagram.

where, fg, fg, fo are the direct, quadratic and zero components, respectively. The @ is rotation angle, and f,, fy, fc are
the balanced three-phase components. Under a balanced condition, the zero-sequence of the three-phase variable

1‘_abc = [fa f, f. ]T in (1) is zero (f, =0). In this case, the Park transformation can be composed by the following

two transformations:

— 2 . jzl ,jzl —
faﬂ:§ e' e 3 e )f,, 2
f_dq =f_aﬁ.e’jg, 3)

where, f_abc is a 3x1vector representing a balanced three-phase variable, f_aﬂ =f,+]jf ,and f_dq =f, +jf,. In (3),
the & =@t +6, is the phase-angle of the system three-phase voltages which is usually obtained using a phase-

locked loop (PLL).
Using the KVL and the KCL and considering Fig.1 (b), the dynamical equations of the microgrid in abc-frame can
be obtained, and after some manipulations, the following differential equations are achieved:

di, R, +R_ .. . R, . 1
d—t‘:_( ILI L)|d1+w0|ql—L—lle2+L—led1,
di R, +R R 1
ql _ . .
F__woldl_( lLl L)Iql_L_Il_Iq2+_leq15 )
di,, R.. R+R. . 1 @
dt :_L_zldl_( . )'dz+a)0|q2+|__2ed2a
di R R,+R 1
q2 - - R
S :_L—:|q1—a)0|d2—( : ) L)|qz+L—2eq2.
Using (1), the direct and quadratic components of the VSC output voltage are obtained as follows
e, = Esin(5), e, =—Ecos(5) 5)

where, E and § are the VSC voltage amplitude and phase angle, respectively. Since these voltages are dependent to
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each other, their components (E and & ) could be selected as control inputs. Hence, the standard state space model
of the microgrid as a multivariable system is obtained by substituting (5) in (4). Linearized form of the resulted
equations around the equilibrium points are

A, (1) ] Aig, (t) Ag (1)
d|Aia® | Ai,©) | ] AE®
dt | Aig, (1) Aig, (1) As,M) |
| Aig, (1) | Aig, () AE, (1) ©
A O] [Aia®O]  [As©)
Aig, () ) Aig, () N AE, (1)
Aig, ®© | A, Tl As®) |
[ A, () | Ay, () AE, (1)
where
—(R,+R}) o, -R, 0 E,, cosd, sino, 0 0
I_l I‘l Ll I‘l
» -R, 0 0 Esind,  cosd, 0 0
0
L L L
A= ! ,B = ! : . ™
-R, 0 —-(R,+R) o, 0 0 E, coso,, sind,,
LZ LZ L2 LZ
0 0 o, -R, 0 0 Eysing,  cosd,
L L, | L, L,

In the above equations, 0,,and J,, are the steady state values of o, (t) and J,(t) , respectively.

3. Microgrid analysis as a multivariable system

The considered microgrid system has four inputs, four outputs and four state variables. Therefore, the transfer
function matrix is a 4x4 frequency variable matrix where each entity is a fourth order transfer function. For the
microgrid parameters presented in Table 1, the state and input matrices (7) and the related transfer function matrix
are obtained as follows:

-128.4 314.16 -0.093 0 0.0853  0.0081 0 0
_|—314.16 -128.3 0 0 B - 0.0086 —0.0812 0 0
-0.125 0 -107.05 314.16 |’ 0 0 0.1118 0.0088
0 0 -314.16 -106.92 0 0 0.0089 —0.1094

G(s)=lgy(s)} i,i=1,2,34

where each array g;(9) is a 4"-order transfer function.

Using the obtained state space representation of the MG, one can see that the system is asymptotically stable.
Since there are no input, output, and input-output decoupling zeros, the utilized state space representation is both
controllable and observable. Nevertheless, there are four zero elements in the right open half plane which cause
some difficulties in the sequential controller design procedure.

Since the MG is a multi-input multi-output (MIMO) system, for designing of decentralized controllers, the first
step is to choose proper pair of input and output. Indeed, it should be determined for any output which control input
must be used. The dq currents exporting is one of the most common output set selections [21], which leads to a
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strictly proper transfer function matrix. Another choice is {V dpccV q,pcc} in the islanded mode where the microgrid
needs to control the voltage and frequency, locally [23]. In addition to input and output sets selection, the coupling
between them is a key point in the controller design. The relative gain array (RGA) is a useful index for inputs and
outputs coupling which can be used to solve the pairing problem.

Definition 1 The RGA of a non-singular square complex matrix G is a square complex matrix defined as
RGAG)=AG)=Gx@G™") ®)

where x denotes element-by-element multiplication [24]. The most desirable input-output couple has a positive
RGA'’s element close to one. The obtained results, represented in Table 2, show that the solution of the pairing
problem is depend on the X/R ratio. Indeed, it can be seen that in the first scenario, {J,i }and {E.,i,} are the best
couples according to the RGA rule. However, for the last scenario, the RGA proposes to use of couples of
{6,i,} and {E,i_} for decentralized control design procedure.

Table 1. Microgrid Parameters and linearization data

Parameters Values Parameters Values
VSCs nominal power 7MW Eo 1.05 pu
VSCs nominal Voltage 4140 V Ex 1.02 pu
Nominal frequency 50 Hz Oy 0.1 pu
Ly 95.5 mH [ 0.08
L, 71 mH Xi/R, 1

R, 2.78 Q X,/R, 1.2

Table 2. Three microgrid output X/R with the corresponding RGAs

Scenario 1 2 3
(X/R)1,(X/R), 03,04 1,12 4,5
039 061 0 0 078 022 0 0 096 0.04 0 0
0.61 039 0 0 0.22 0.78 0 0 0.04 0.96 0 0
RGA 0 0 028 0.72 0 0 0.84 0.16 0 0 097 0.03
0 0 072 0.28 0 0 016 0.84 0 0 0.03 0.97

4. Uncertainty determination

The first step in the robust stability and performance analysis and control synthesis is the uncertainty formulation. In
order to assess the robust stability and performance requirements, the parametric uncertainties is significant [25]. In
addition, we want to design H  and H, controllers for the microgrid; therefore, an unstructured uncertainty model

is also needed. In this paper, +30% changes in the load resistance is considered as the uncertainty.
4.1. Unstructured uncertainty modelling

The unstructured uncertainty is modelled in the following four steps:
1) Parametric uncertainty determination by considering 30% variation in the load resistance as follows:
RL :RLn(1+r5r)5 (9)
where Rin is the nominal resistance load, |5,|<1 and r =0.3.

2) Converting the parametric uncertainty to the unstructured uncertainty by considering an input
multiplicative uncertainty model using the following formulation:



380

M. Naderi et al. / Energy Procedia 100 (2016) 375 — 387

G(5)=G, ()1 +A,(5))
A,(5)=G,(5)"'(G(5)-G,(5)

where G (s) and G,(s) are the transfer function matrices of the uncertain and nominal systems,

(10)

respectively; and A, (s) is the uncertainty transfer function matrix block.
3) Cure fitting for any element of the A, (s) by a first or second order transfer function
4) Generating the weighting function such that
A, (8) =W, (5).A(s) s[|As), <1 (11
W, (s) is a 4x4 weighting transfer function matrix which all entities are the first order transfer functions (high/low
pass filters) as follows:

465 +39450 1135 +1.2x10° 435 +27690 77s +57280
S +852 S +2295 S +620 S +1148
109s +10° 46s +28770 785 +60290 43s +32210
W, (s) = s +2102 S+612 s+1175 s +726 (12)
46s +22090  80s + 49480 435 +18380 110s +11040
S +465 s +1035 S +413 s +2270
78s +49090 46s +3992 109s +10° 43s +19050
s+1017 S +85 S +2049 S +429

4.2. Parametric uncertainty modelling

Fig. 2 shows the block diagram of the system, which shows only connections between the control inputs and the
state variables. As mentioned already, the only uncertain parameter is the load resistance. The load resistance
block’s inputs are Ai,, and Aiy,, and its outputs are Y, and Y, . Fig. 3 shows the procedure of the parametric

uncertainty modelling, where A, =4,1, and the matrix M is obtained as

R, 0 R, O

MR _ Ln tn | (13)

The open loop transfer function matrix M is realized with the following state space equations

X (t)=Ax(t)+B,u(t)+B,w (t)
y(®) =x()=Cx({®)+D,u(t)+D,w (t) (14)
z,(1)=C.x(
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Fig. 3. Parametric uncertainty block modelling
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Figure 4. Closed-loop system for robust control analysis and synthesis

5. Robust stability and performance

In this section, robust stability, nominal and robust performance requirements are represented in the case of given
two-DER microgrid. In addition, two robust controllers. i.e. H_ and H,, and a sequential PID controller are

2

designed and compared using the linearized model of the MG presented in Section 2.
5.1. Robust Stability Requirement

In order to use the standard H_ and H, control design procedures, the closed-loop structure, depicted in Fig. 4, is
considered. Using the small gain theorem [18], the system without any controller is robustly stable if and only if
[T ()], <7 and |A(s)|, <1/, where T,,(s) for different dynamic and uncertainty test scenarios. Table 3

shows the y and the maximum acceptable uncertainty disc radius for three scenarios. For instance, the maximum
infinity norm of T, (s) for scenario 2 is 0.12. Hence, the maximum acceptable uncertainty disc radius to have a

stable system is8.33 , i.e. ||A must be less than 8.33. However, this uncertainty limitation is too conservative due

to its unstructured model. Results of robust stability requirements are compared in Table 3 for three scenarios.
5.2. Nominal and Robust Performance Requirement

For the problem at hand, having a desirable tracking, less control signal energy, and disturbance attenuation are
considered as the performance objectives. Good tracking and disturbance attenuation are behaving in the same
direction, but they should be compromised with the goal of less control signal energy. The next step in the
performance assessment is weighting functions determination. There is not any exact and straightforward law for
finding weighting functions. One may start by an initial weight and continue the tuning process concerning the
closed-loop performance in a simulation environment. Some guidelines for tuning of weighting functions are given
in [25].

The closed-loop system with selected weighting functions are shown in Fig. 5. The Wy, W5, and W3 are the
weighting functions for obtaining desirable tracking, less control signal energy, and disturbance attenuation,
respectively.

WI(S)ZM W](S):diag(WHW]?Wlan)a
s +150
S+2 .
WZ(S)=S+10 - WZ(S)Zdlag(Wz,W2,W2,W2),
0.01(s +5) .
W, (8)=—= — W.(s)=diagw,,w.,w,.W,).
5(8) s +0.045 5(8) gW 3w ,W,,W )

In nominal open-loop performance analysis, the uncertainty and less control signal energy goals are not
considered. Ignoring the second item is due to the absence of the controller. On the other hand, for the robust open-
loop performance objectives, the uncertainty is considered while the second item is ignored due to the absence of the
controller. Then, the open loop interconnection is found and the closed-loop transfer function matrices for nominal
performance Genp(S) and robust performance Gel.rp(S) are obtained as follows:
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Table 3. y and maximum acceptable uncertainty disc radius for scenarios 1, 2 and 3

Scenario 1 2 3
(X/R)1,(X/R), 03,04 1,12 4,5
y 0.042 0.12 0.49
Uncertainty Radius 23.81 8.33 2.05
Z, Z,
W, W,
z w d

]
! _:(I) e K u o— G, _'?_'Wa_'zs

Figure 5. Closed-loop system diagram

5.3. Robust H . Controller

The closed-loop structure shown in Fig. 5 is used for designing of robust H  controller. Here, the weighting

functions are chosen as follows:
2x10°(s +120)

W](S): s+15 Wl(s):diag(wl»wlswlawl):
S+2 .

Wz(s): - Wz(s) =dlag(W2,W2,W2,W2),
s+10
0.01(s +5) ,

w,(s)= S 10045 —  W,(s) =diagW ;,w;,w ;,W ).

In order to design an H _ controller satisfying robust stability and robust performance requirements, the open loop

interconnection of the transfer function matrices G, Wi, W, W3 and Wu is found according to Fig. 5 and then the
controller is designed using robust control tools in MATLAB software. Since the resulting robust controller usually
has a big order, order reduction methods like residualization and truncation should be applied to reduce the order of
the robust controller. Fig. 6 shows the frequency responses of the original controller and its reduced order using
residualization and truncation methods. The original controller is obtained with order of 216 and reduced order
controllers are 6" order. Generally, the residualization method in low frequencies and truncation method in high
frequencies have a response similar to the original system. Fig. 7 shows the time responses of the original and
reduced-order controllers. The time of the events is given in Table 4. According to Fig. 7, the residualization method
has faster responses, but the steady state error of the truncation method is less. In addition, the system tracks the
reference input well using the original and residualized controllers and the disturbance effects are less than 10 %
(0.02 pu) in all times. The interaction between ig and iq of VSCs is mutually obvious in the step responses. In fact,
when iq is set on the desired value, iq has had a certain amount and when output iq and iy of a VSC are set, other VSC
has had a certain output. This behaviour is due to the operation of microgrid in islanding mode.
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Table 4. Time of the events

Time (s) 0.1 0.2 0.3 0.4 0.6 0.7 0.8 0.9
Event 1 pu Step IpuStep 1 puStep IpuStep O02pustepin 02pustepin 0.2pustepin 0.2 pustep in
in ig1 in g in g in ig dist. 1 dist. 2 dist. 3 dist. 4

Bode Diagram

Input 1 Input 2 Input 3 Input 4

-100

ol | F————— 1 | \’—Z—%
720 1] i |

10° 10° Frequency (rad/s){o’ 10

Figure 6. Frequency responses of the original H  controller (red) and reduced-order controllers using residualization (blue) and truncation

(green) methods
5.4. Robust H , Controller

All sections of the H, controller design is similar to the H_ controller design except the weighting functions. In
H, controller design, strictly proper weighting transfer functions should be applied to have a strictly proper closed-
loop transfer function, because the H, design method tries to minimize H, norm of the desired closed-loop
transfer function whereas H, norm of the proper transfer functions is infinity. Therefore, weighting functions are
obtained by trying and running again and paying attention to the recent point as follows:

1.8x10° .
Wl(s):— - WI(S):dlag(WHWI’W]’Wl)s
s +35
100 .
Wz(s): - WZ(S)=d1ag(W2,W2,W2,W2),
s +30
0.05
wW.S)=— — W, (s)=diagWw ,,w,,W,,W,).
5(8) S +0.045 5(S) gW W, W,W )

The time of the events is given in Table 4. Fig. 8 shows step responses of the closed-loop system for the original
and reduced-order controllers. The original controller is obtained with order of 368 and reduced order controllers are
6™ order. As can be seen, the truncation method cannot success in this scenario. It has an overshoot between 50%
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and 100% for different outputs and its settling time is larger than 1s. However, the residualization method has very
faster responses with the minimum possible steady state error. The controller order can be reduced to two.

Res.

] Tru.

a ne Main
T T T T T T T T T

]
0 0.5 0.6 0.7 0.8 09 1
T T T T T
< 1T : : o]
2 H [
= L
0 1 1 i 1 i
0 01 0z 0.3 0.4 0.4 06 0.7 0.4 049 1
time (s)

Figure 7. Time responses of the main H  controller (red) and reduced-order controllers using residualization (blue) and truncation

(green) methods

The truncated controller cannot track the reference inputs in considerable number of the cases whereas the
residualized controller has a good performance yet. With comparison between Figs 6, 7 and 8, the enhanced
performance using H_ and H, controller is obvious. Besides, Fig. 9 provides the comparison between sequential
tuned PID, robust truncated H  and residualized H , controllers. PID controller has a very large settling time despite
it is tuned. This slow PID response may cause instability after a fault in the microgrid or main grid. The better
performance of the robust truncated H  and residualized H, controllers against tuned PID controller is visible
considerably. However, the robust truncated H_ and residualized H, controllers have not impressive difference

with each other. In both cases, the steady state error and maximum overshoot and undershoot are less than 0.7%,
20% and 25%, respectively.

15 . : : : ‘ . .
B P e /f\ et ; _
s 050 = : :
- : Res.
0 1 1 1 1 1 1 1
o 0.1 0z 0.3 0.4 05 06 07 0g Tru
15 Main
3 it
= 0aF 3
D Il
o g 1
2 T
=)
o1k -
R
0 L ‘
o 0.1 0z 0.3 0.4 05 06 07 0g 049 1
2 T T T T T T T T T
H AN '
o : : : : N
0 == i I i 1 i
u] 0.1 0z 0.3 0.4 0.5 0.6 07 U] 0.8 1
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Figure 8. Time responses of the main H, controller (red) and 6" reduced-order controllers using residualization (blue) and

385



386

M. Naderi et al. / Energy Procedia 100 (2016) 375 — 387

truncation (green) methods.

time (s}

Figure 9. Time responses of the sequential tuned PID, robust truncated H _ and residualized H, controllers.

6. Conclusion

An LTI model has been obtained for the two-VSC islanded microgrid using Park transformation. The RGA has
proposed couples {0, iq} and {E, iq} as an appropriate input-output couples for a very weak microgrid with DER’s
X/R ratios 0.3 and 0.4 and couples {0, ig} and {E, i} for a rather weak microgrid with DER’s X/R ratios 1 and 1.2
and a strong microgrid with DER’s X/R ratios 4 and 5. The nominal and robust performance requirements have
obtained. Two robust H_and H, controllers have been designed, and the order of obtained controllers have been
reduced from 368 and 216 to 6 and 2, respectively. The performances of the reduced-order controllers have been
assessed and confirmed in MATLAB environment. It has been observed that the reduced order H  controller (using
the truncation method) and the reduced order H, controller (using the residualization method) have much better
performance than the PID controller.
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