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Presentation Notes
Here’s a sort of picture of the electric grid (obviously a fake – not only are the clouds removed, but there were in fact a few power islands in the northeast).But this montage illustrates the worst fear of the people operating the grid. No, that’s not the New England coastline.It was a major outage that spread from Ohio to New York City, which started from a much smaller mistake that operators made because they had lost situational awareness: they couldn’t read the signals to tell them what operating state their grid was in.The fact that it’s possible even for attentive, well-trained operators to get lost on the job is due to the system’s complexity.The grid is a complex system because it has a very large number of highly interdependent components that are diverse in type and behavior, where small disturbances can propagate quickly and far to provoke unexpected behavior. Another way to define a complex system is one that no single individual can fully comprehend at any given time. 
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Electric power systems are also the largest human-made artifacts in the world. This map shows how the grid across the entire continent is connected; with pieces of copper, steel and aluminum that are all touching. Some connections are stronger and more influential than others, but the entire network works as one gigantic machine – on which we all depend.
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Here’s a more local frame, showing how high-voltage transmission lines form a network, a bit like neurons, with stronger links between the important nodes. The network grew over time to connect loads and power plants where they were most convenient to build, and to interconnect different regions so they could share energy reserves.
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I mentioned voltage. Let’s define that term, because you’ll hear it a lot today.Voltage is a measure of how motivated an electron is to go somewhere else. In a battery, a chemical reaction pushes the electrons to one side. In order to get back to where they want to go, they have to travel outside the battery through a wire. If we put an obstacle in their way, they will do some work to get through – for example, heat up the filament in a light bulb, or push a magnet around in a motor. The amount of work each electron will do is given by the voltage.The number of electrons flowing through a wire is called current, measured in amps. Amps are like counting traffic flow in cars per second, except that we’re talking billions and billions of electrons. If we multiply the electron flow by the amount of work each electron does, we get power: power equals voltage times current.So we can transmit the same amount of power by either using electrons that aren’t very motivated but a lot of them (low voltage, high current), or by using just a few highly motivated electrons (high voltage, low current).Highly motivated electrons are very dangerous to touch, which is why we keep the voltage in our homes pretty low. But on transmission lines, it’s more important that we don’t lose too much energy by heating up the wires, which happens when there is a high current. The longer the transmission line, the more it matters that it’s high voltage, low current.
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The electrons on the grid, for the most part, get their motivation or voltage not from a chemical reaction, but from magnets moving inside coils of wire. A rotating magnet will alternately push electrons in the copper wire back and forth, which gives us alternating current or a.c.



Alternating current (a.c.) with frequency 60 Hz: 
one complete +/‐ reversal every 1/60th second
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In the United States, our standard is to use alternating current at 60 cycles per second. This frequency is determined by the rotational speed of our electric generators, which all have to be in lock-step, or synchronous. Because a complete reversal can be mapped as a 360o full circle, time in the context of an a.c. cycle is expressed in terms of degrees of angle.
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That picture with the magnet turning inside the loop of wire was a gross simplification. Here’s some real generator windings.
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This is the inside of a steam turbine. The hot steam that comes from a boiler (or a reactor or a bunch of mirrors in the sun) expands and pushes against the turbine blades, making the shaft turn. On the back of that shaft is a very powerful magnet that pushes the electrons through the copper wire.



Courtesy of Jim Zimmerlin
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And here’s a whole turbine-generator combo. This one produces 1100 MW. 
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From the generator, the electrons go out onto the high-voltage transmission lines – usually in the hundreds of thousands of volts.
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The wires come in sets of three, called three phases – I’d be delighted to explain that during a break to anyone who’s curious.
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Remember the nodes in the transmission network? This is a transmission substation, where several paths meet and can be switched around a bit – for example, if one line needs to be taken out of service.
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Then there are distribution substations. This is where the power goes from the transmission lines through a transformer, which converts the high-voltage/low-current power into lower-voltage/higher current power that’s safe to send down your street.The green boxes with the big heat sinks are the transformers. Like the one you use to plug in your laptop, only bigger.
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The distribution lines can be at different voltages, usually in the tens of thousands of volts, depending on their length.Here’s a smaller transformer, that goes to someone’s house.
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This one goes to my house. At the top where it connects, it has a fuse.The black insulated wires below are Comcast. The Comcast guys don’t get to climb as high up on the pole, or they can be in big trouble.
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And here’s the power coming into my house. You can see I still have an old meter.
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If we draw a schematic of everything we just saw, it looks kind of like this: We’ve got the generators, transmission lines, transmission and distribution substations, transformers, and finally the service connection.The transformers are symbolized by the squiggly lines.But what about those square symbols?
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They’re to protect us from this.



Oil circuit breakers
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These are circuit breakers, and that’s what the squares in the diagram stand for. Their job is to break an electrical contact when there’s too much current flowing, but without drawing a big lightning arc. These breakers are filled with an electrically inert fluid, such as oil, designed to extinguish an arc.You get too much current when there is some fault on the system – something touching that isn’t supposed to – and it can permanently damage equipment, not to mention kill people.
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On the lower voltage circuits, you’ll see fuses like this. A fuse is dependable, but once it blows, you have to wait for someone to come out and replace it.A major part of operating a transmission and distribution system safely and reliably is to coordinate which protective device – that is, which fuse or circuit breaker – operates when. You want it to interrupt the power to be safe when there’s a problem, but you don’t want it to shut customers off needlessly.
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For example, if there is a fault – like a tree touching a line, or a big bird touching two wires at the same time – a circuit breaker has to interrupt the power from the source, which would be the substation. (click for animation)But if the fault is farther down the circuit (click for animation), a different fuse or circuit breaker should be the one to actuate, so that the rest of the customers aren’t inconvenienced.This is called protection coordination.
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To help protection coordination, distribution systems are almost always laid out in a radial structure, like branches of a tree, with power flowing only in one direction. This means that when there is a fault, you always know from which direction the power is coming. This brings up one of the tricky aspects of integrating a large amount of small-scale generation, like rooftop solar, in the distribution system. The legacy system just was not built to accommodate two-way power flow at the distribution level – it could confuse the circuit protection, as well as voltage regulation, unless we make significant upgrades to the hardware and controls.



Network structure at 
transmission level

Radial structure at 
distribution level
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At the transmission level, though, it’s always been necessary to design the system so that power can flow in either direction. We say these systems have a networked structure. A very few distribution systems are also networked, like the one right underneath us in downtown Sacramento, because this offers greater reliability. But it’s also much more expensive.
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These are some of the guys who make it all work. You’ve heard of the Independent System Operator, on the upper left, who keeps track of power supply and demand across the whole state, and the status of transmission lines. But there’s also the distribution system, where things aren’t nearly as high-tech. 	Note that Andy at his distribution operator’s desk in Santa Rosa has as his most essential tools a telephone and an analog wall map that wraps around the whole room. The wall map shows all the circuits with annotations and push pins about the current status, like if there’s linemen up on a certain pole and you can’t throw the switch that would electrocute them. One great thing about it is that you always know you’re looking at the authoritative, most recent update of the database. 	As we modernize these systems, it’s very important to keep in mind how the operators’ actual job will be affected, and how we can support them in keeping situational awareness even if a computer fails.	Over time, operators develop a kind of intuition for which configurations are okay and which aren’t. But that intuition can fail as we drive the system closer to its limits, changes happen more often, and we need more refined information.
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Power flow, for example. It’s surprisingly difficult to calculate which way power will flow in a network. This is a very simple example, because there are only three nodes, called buses, and because we’re neglecting line losses. Even so, it still takes a while to figure out how many MW will flow along each line.
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This example is a bit larger, but still very simplified. Each bus represents an aggregate load – say, a substation – or a generator, or both.You wouldn’t even want to calculate these line flows by hand. A power flow program is used to compute line flows based on how many MW are generated and what the load is at each bus. This type of analysis can show if different scenarios of meeting demand with combinations of supply – that is, different dispatches – are consistent with transmission constraints, like thermal limits, to make sure lines don’t sag, or security constraints, to make sure that if any one component fails, the system will still be okay for a while. It’s the ISO’s job to ensure this.To appreciate the complexity, note that California has not six but over 4,000 buses for purposes of transmission modeling, and the interconnected Western grid has over 16,000. 



Voltages at same instant, different locations

measured “per unit” (p.u.) 
relative to nominal voltage 

on a given line
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But the plot thickens even more, because we’re using alternating current. Our whole grid is synchronous, meaning that the ups and downs of voltage are at the same frequency everywhere, and essentially coincide. But for alternating current to transmit power, the physics require that the exact timing or phase angle of the voltage wave is shifted by a small percentage between one generator and another. It’s like musicians in a band who are playing the same rhythm, but one instrument plays the downbeat slightly ahead of the other. The more a.c. power you want to send down a transmission line, the more the relative timing has to shift. The voltage magnitude also varies by a few percent between different locations on the network. The combination of voltage angle and magnitude is called a phasor. A phasor is a mathematical shorthand that gives you very concise information about the status of the voltage wave at any given point.In addition, and not shown on this diagram, there is a shift between voltage and current caused by some loads such as motors, which results in a certain amount of circulating power back and forth through the grid. This is called reactive power, and is measured in VARs. Reactive power flow is associated with the variation in magnitude of the voltage.
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The term stability refers to the fact that when one generator pulls ahead of the others, it encounters a stronger magnetic force holding it back, and vice versa: if the generator falls behind, the force lets up. This feedback is essential for maintaining a constant a.c. frequency, and to keep generators in step. Remember that all the generators across the entire Western U.S. have to stay in sync with each other. If the difference between phase angles at any two generators gets too large, this stabilizing feedback between them can be lost; they start moving at different speeds and circuit breakers start to pop open everywhere. The amount of time separation that can be risked, say between two generators at either end of a transmission line, is called the stability limit. Phase angle separation is an indication of stress on an a.c. system.
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This was a situation in Europe where the phase angles pulled apart disastrously, and the system segmented itself into pieces, with a lot of customers out of power. At that instant, there was too much generation in the north, too much load in the south, and not enough transmission capacity in between.
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0.99 p.u.
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So an a.c. power flow model is actually a very complicated calculation that accounts for voltage phasors, for real and reactive power flows, and for line losses. Notice that there are megawatts and megavars going into or out of each bus, and along each transmission link.	Across the network, there is a profile of voltage magnitudes and phase angles, like a topographic map, that relates to the way power is flowing. Here the voltage phase angles are shown in red, in units of degrees of angle, and the voltage magnitudes are shown in green, in “per unit” relative to the nominal value. Of course, all these variables keep changing every time someone turns on an air conditioner.	In the old days, it was a huge challenge for engineers to estimate what those phasors might be at any given time. They didn’t really have a way of knowing.  The system was held stable by having lots of large rotating generators with plenty of inertia, or an inherent tendency to keep rotating at the same speed, and by having lots of extra transmission capacity. You could say that the system has worked in practice, but not in theory. 	Today, as we try to utilize our assets most fully and operate our grid closer and closer to its limits, we no longer have so much extra slack, and we need to understand the system in theory – or it’ll stop working in practice.	It is now becoming important for operators to be able to measure phasors in real-time all across the grid, to tell them whether things are stable and secure, because without the actual phase angles you can’t really tell any more. You will hear more about synchro-phasor measurements later today.	(click for animation)  And here’s a final, wicked plot twist: it turns out that when the system is under stress, these voltage magnitudes and phase angles, which are supposed to hold a steady profile across the network, are starting to oscillate. These oscillations seem to happen when large amounts of power are sent over long distances, but it’s very difficult to write equations to predict them.
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oscillations preceding the 
1996 West Coast blackout

vs.

what models predicted

Presenter
Presentation Notes
For example, power flow models had no clue that the angles and power flow across the California-Oregon border were wobbling. Everything appeared as though it was within the proper limits. Then suddenly, circuit breakers opened and there was a big blackout. In hindsight, the phasor data show how oscillations were building – but operators couldn’t see that at the time.
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North-South
0.25-0.3 Hz

East-West 
0.6-0.7 Hz

California-Desert 
Southwest 0.5 Hz

Alberta 0.45 Hz
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There are some characteristic oscillations on the western grid that have a habit of building up, with power wobbling back and forth every few seconds. You do not see this kind of thing in the engineering textbook. The ISO’s only response is to reduce power flow by de-rating transmission lines, by 1000s of MW. Obviously, that means a lot of money.
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Now with all these complexities of the electric grid, and the fact that it’s already been getting more difficult to operate, here comes a portfolio of renewable resources – in this picture, we have hydro, geothermal, biomass, wind, photovoltaics, and solar thermal. 	Some of these behave pretty much like conventional power plants: they’re driven by large, rotating generators with inertia, and they can be turned up and down on demand. Others are intermittent, and you can’t always get them when you want them, or they may increase and decrease power unexpectedly. And some generators, like wind and PV, are based on electronic switching to create an a.c. sine wave output, so their behavior in response to things like grid oscillations could be quite different. Finally, the best resources may not always be at convenient locations. 	There is no question that we can get plenty of energy from renewables. The interesting constraints have to do not with how much total resource there is, but how best to coordinate different resources in space and time – when they’re connected by a technology that was basically designed a century ago!	Our legacy grid was built with large, easily controllable steam generators doing all the work of keeping it balanced. As we build out a smart grid for the 21st century, the transmission and distribution systems will have to do more of the work, by exercising much more refined and sophisticated control over load and power flow than Thomas Edison could have ever imagined. 	The presentations you’ll hear today are all about different ways of better coordinating and controlling the grid, so that it will be able to accommodate new types of generation, manage customer demand, and keep the transmission and distribution grid secure and reliable, even though we’re asking more and more of it.
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